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FOREWORD 


This  Final  Technical  Engineering  Report  covers  the  work  performed  under 
Contract  AF  04(695)-773,  "156-7  Fiberglass  Case  Liquid  Injection  Thrust  Vector 
Control  Motor  Program".  The  program  motor,  designated  by  the  Air  Force  as 
the  156-7  rocket  motor,  is  identified  for  inhouse  processing  as  the  TU-393  rocket 
motor. 


This  program  was  conducted  under  the  overall  direction  of  Col  H.  W.  Robbins 
of  SSD,  with  technical  direction  by  the  Air  Force  Rocket  Propulsion  Laboratory  (AFRPL) . 
Mr.  Carver  G.  Kennedy,  Manager  Space  Booster  Development,  was  the  Wasatch 
Division  Program  Manager  and  Mr.  W.  G.  Ramroth,  Manager  Large  Space  Booster 
Project  Engineering  was  the  Project  Engineer. 

This  technical  report  has  been  reviewed  and  is  approved. 


Mr.  R.  Felix 

Senior  Project  Engineer  (RPMMS) 
AFRPL,  Edwards,  California 
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ABSTRACT 


The  156  in.  diameter  case  LITVC  motor  program  was  conducted  by  the 
Wasatch  Division,  Thiokol  Chemical  Corporation  for  the  Air  Force  Space  Systems 
Division  with  technical  direction  by  the  Air  Force  Rocket  Propulsion  Laboratory . 

The  two  major  objectives  were  (1)  the  design  and  fabrication  of  a  flightweight  156  in. 
diameter  monolithic  solid  propellant  motor  utilizing  a  fiberglass  reinforced  plastic 
monolithic  case,  a  34  to  1  expansion  ratio  submerged  fixed  nozzle,  and  a  LITVC 

system;  and  (2)  the  demonstration  static  test  of  the  motor  in  a  simulated  altitude 
environment  to  provide  meaningful  LITVC  data  in  a  high  expansion  ratio  nozzle. 

Both  objectives  were  successfully  attained.  The  program  was  culminated  on 
13  May  1966  with  a  static  test  of  the  motor  utilizing  a  10  ft  diameter  by  82  ft  long 
diffuser  for  altitude  simulation.  The  motor  had  a  mass  fraction  in  excess  of  0.90 
and  operated  for  110  sec  at  an  average  thrust  level  of  approximately  325,000  lb. 

The  static  test  was  successful  and  all  motor  components  were  intact  and  in  good 
condition  at  the  completion  of  the  firing.  Two  abnormalities  occurred  during  the 
firing.  At  approximately  70  sec,  a  burnthrough  occurred  in  the  diffuser  tube 
approximately  four  feet  aft  of  the  nozzle  exit  plane,  apparently  due  to  high  localized 
erosion  of  the  ablative  insulation  on  the  inside  diameter.  The  diffuser  continued  to 
operate  throughout  the  test  although  at  a  lower  simulated  altitude.  A  malfunction  of 
the  pressure  regulating  subsystem  portion  of  the  LITVC  system  caused  a  degradation 
of  injectant  pressure  during  the  firing  and  subsequent  degradation  of  the  LITVC  per¬ 
formance.  Post-test  inspection  of  the  motor  and  components  revealed  that  internal 
insulation,  nozzle  design,  and  case  design  were  satisfactory  and  the  motor  had 
functioned  as  expected.  The  static  test  demonstrated  attainment  of  all  program 
objectives.  After  post-test  analysis  of  the  fired  motor  and  components,  the  fired 
case  was  hydroburst  tested  to  obtain  additional  data  on  fiberglass  case  design.  The 
case  burst  at  963  psig,  very  near  the  design  ultimate  pressure  of  570  psig.  This 
hydroburst,  performed  under  a  supplemental  agreement  to  the  contract,  demonstrated 
the  validity  of  the  design  and  fabrication  techniques  used  for  this  case. 
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TEST  PLAN 
FOR 

VERIFICATION  OF  LINER  AND  INSULATION  BONDS 

FOR 

TU-393  MOTOR 

1.0  INTRODUCTION 

To  insure  successful  bond  of  the  propellant  to  the  case  wall 
in  the  TU-393  motor,  a  series  of  tests  will  be  conducted  prior  to 
propellant  casting.  These  tests  will  verify  the  design,  processes, 
actual  motor  materials,  and  the  product,  and  will  utilize  standard 
testing  procedures  and  equipment. 

2.0  SCOPE 

This  plan  outlines  all  of  the  testing  planned  by  Thiokol  to 
verify  insulation-liner-propellant  bond.  Three  types  of  quantita¬ 
tive  load  tests  are  planned  (1)  380°  rubber  peel,  (2)  tenshear, 
and  (3)  constant  load  180°  rubber  peel.  These  are  outlined  in 
detail  in  this  plan.  A  9"  X  9”  bulk  sample  will  also  be  used  to 
further  verify  processability.  The  tests  will  be  conducted  in  five 
distinct  phases.  Scheduling  is  compatible  with  the  over-all  program. 
3.0  TEST  OBJECTIVES 

The  primary  objective  of  this  program  is  to  verify  that  the 
insulation-liner-propellant  system  will  meet  or  exceed  the  minimum 
design  requirements  of  70  psi  tensile  adhesion  and  5  pli  for  the 
180°  rubber  peel  test  for  propellant  to  insulation  bond  to  insure 
a  F.S.  fo  5.  Other  objectives  are  to  (1)  optimize  liner  formula¬ 
tion  using  the  procedures  described  in  Phase  I,  (2)  verify 
bondability  described  in  Phase  2  and  3,  (3)  characterize 
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the  processability  of  the  insulation-liner-propellant  system 
using  the  methods  described  in  Phases  4  and  5,  (4)  insure  that 
the  scheduled  processes  and  materials  contain  elements  com¬ 
patible  with  planned  motor  construction. 

Tests  will  be  conducted  to  verify  bond  strengths  of  the 
interfaces  at: 

(a)  Case  to  bladder 

(b)  Bladder  to  insulation 

(c)  Liner  to  bladder 

(d)  Liner  to  insulation 

(e)  Propellant  to  liner. 

Interface  bond  strengths  will  be  evaluated  by  180°  peel, 
and  tensile  adhesion  tests.  In  addition,  tensile  adhesion 
tests  will  be  conducted  on  composite  insulation-liner-propellant 
specimens.  Type  of  failure  as  well  as  strengths  will  be  eval¬ 
uated  . 

Tests  will  be  conducted  to  verify  process  techniques 
simulating  actual  conditions  expected  during  manufacture  of 
the  motor.  These  tests  will  determine  effects  of  moisture, 
elevated  temperatures,  raw  material  variations,  liner  slump, 
and  mold  release  use. 

4.0  TEST  SCHEDULE 

Tests  will  be  conducted  in  accordance  with  the  schedule 
given  in  Figure  1.  (See  Appendix  A  for  description  of  phases.) 
5.0  DESCRIPTION  OF  TESTS  AND  APPARATUS 

Three  types  of  tests  are  to  be  used  in  insulation-liner- 

\ 
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Phase  III 


Prepare  Samples 


Phase  IV 


Prepare  Samples 


Phase  V 


Prepare  Samples 


Figure  1  Test  Schedule 
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propellant  compatibility  verification.  They  are: 

(a)  Peel,  180° 

(b)  Tenshear 

(3)  Constant  load  180°  peel. 

5.1  180-DEGREE  PEEL  TEST 

This  test  is  used  to  determine  the  comparative  peel  or 
stripping  characteristics  of  adhesives.  Results  are  expressed 
in  average  load  per  unit  width  of  liner  bond  required  to 
separate  one  member  from  the  adhered  surface  at  a  separation 
angle  of  approximately  180°.  Units  are  pounds  per  linear  inch. 
The  test  specimen  consists  of  a  piece  of  flexible  material  which 
is  bonded  to  a  steel  plate  or  to  a  slab  of  insulation  or  pro¬ 
pellant  by  the  formulation  under  test.  Testing  is  done  in  a 
power-driven  machine  which  can  apply  tension  at  a  uniform  rate 
and  record  the  applied  load.  The  apparatus  and  test  is  detailed 
in  Federal  Test  Standard  No.  175  (See  Figure  2). 

5.2  TENSHEAR 

The  apparatus  for  this  test  provides  for  measuring  bond 
strength  in  tension  and  shear  at  various  angles.  For  the  pur¬ 
poses  of  this  test  program,  the  tenshear  samples  will  be  used 
to  determine  only  straight  tensile  adhesion. 

The  sample  consists  of  two  (2)  flat  plates  with  the  various 
composites  built  up  between  (See  Figure  3).  The  specimen  is 
pulled  to  failure  in  an  instron  tensile  tester  where  force  is 
recorded  in  pounds.  The  force  in  psi  is  then  calculated  by 
dividing  by  area  of  the  bond  surface. 
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5.3  CONSTANT  LOAD  180-DEGREE  PEEL 

The  constant  load  180°  peel  specimen  is  prepared  exactly 
the  same  as  the  standard  180°  peel  specimen.  When  testing  the 
sample,  a  weight  is  attached  to  the  free  end  of  the  specimen. 

The  load  is  applied  for  a  predetermined  time  or  until  failure 
occurs . 

6.0  INSTRUMENTATION  AND  DATA  ACQUISITION  REQUIREMENTS 
(Not  Applicable) 

7.0  TEST  PROCEDURES 

The  specimens  for  this  test  program  are  specified  in 
Table  1.  Requirement  for  detailed  processing  and  formulation 
variables  are  included  therein. 

General  specimen  process  requirements  shall  simulate  pre¬ 
dicted  processing  of  the  TU-393  motor  except  where  specified 
otherwise  in  Table  1.  Scheduled  motor  raw  materials  lots 
shall  be  utilized  for  all  tests  herein.  Predicted  motor  pro¬ 
cessing  is  as  follows: 

(a)  Insulation  Materials 

(1)  Dome  insulation  is  Asbestos  Filled 
NBR  (V-44)  .10  in  sheet  stock,  vacuum 
bagged  and  autoclave  cured  at  300°  F 
for  4  hours  in  CO2  atmosphere.  Then 
cured  with  case  20  hours  <®  300°F. 

(2)  Bladder  material  is  Silica  Filled 
NBR  (V-45)  .060  in  sheet  stock,  pres- 
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sure  cured  at  60  psi  nominal  according 
to  the  planned  case  cure  cycle. 


(b)  Hydrotest 


(1)  7-10  hours  soak  (case  filled  with 
water-no  pressure). 

(2)  1-2  hours  @  800  psi. 

(c)  Dry  case  hours  @  135°  F 

(d)  Insulation  surface  buffed  and  cleaned  with  MEK 

(e)  Insulation  surface  is  spray  coated  with  Koropon 
and  cured  24  hours  @  ambient. 

(£)  Koropon  surface  cleaned  with  MEK. 

(g)  Liner  application  with  sweep-extruder. 

(h)  16-24  hours  ambient  liner  cure. 

(i)  24  hour  liner  cure  at  135°  F. 

(J  )  50  hours  maximum  casting  at  135°F  with  TPH  8163 

propellant . 

(k)  7  days  propellant  and  liner  cure  at  135°F. 

(l)  Liner  thickness  to  be  .090”  nominal  with  .070 
minimum. 

The  actual  raw  materials  assigned  to  the  motor  as  follows 
shall  be  used  for  all  tests  where  applicable: 

Material  Lot 


Koropon  Part  A 
Koropon  Part  B 
HC  Polymer 
MAPO 


9505- 0002 

9506- 0001 
9407-0099 
9606-0014 
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Material 
ERLA  0500 
Thixein  E 
Iron  Octoate 
Asbestos  Floats 


Lot 

9267-0038 

9851-0032 

9455-0019 

9016-0014 


8.0  PREDICTED  RESULTS 

Since  the  insulation,  liner,  and  propellant  are  materials 
that  have  been  used  in  previous  motors,  it  is  predicted  that 
test  results  will  verify  the  design  and  processes  with  little 
or  nc  modification.  Variables  to  be  considered  are  limited 
to  changes  in  propellant  formultation  to  obtain  burn  rate, 
wetting  of  insulation  during  hydrotest  and  modification  of 
liner  to  insure  compatibility. 


9.0  EFFECT  OF  SUCCESS  OR  FAILURE  ON  OVER-ALL  PROGRAM  OBJECTIVES 


These  tests  ore  necessary  to  verify  product  design  and 
must  be  successfully  accomplished  to  insure  final  bond  of 
propellant  to  case. 
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Figure  2.  180  Deg  Peel  Test  Specimen  and  Arrangement 
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Tenshear  Test  Apparatus 


STEEL  PLATE 


Figure  4.  Constant  Load  180°  Peel  Test 
Specimen  &  Apparatus 
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FOREWORD 


This  test  plan  covers  the  hydrotesting  and 
hydrobursting  of  TU-393  fiberglass  reinforced  plastic 
rocket  motor  cases .  It  has  been  prepared  by  Thiokol 
Chemical  Corporation  for  use  on  Contract  AF  04(695)-773. 
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I . 


INTRODUCTION 


II. 


Two  identical  TU-393  cases  will  be  fabricated.  The  first  one 
will  be  proof  tested  to  790  t  psig  and  then  hvdroburst.  The  second 
will  be  proof  tested  to  790  +  10  psig  only,  then  loaded  and  fired.  Test 
setup,  equipment,  instrumenPation  procedures,  etc.  ,  will  be  the  same 
for  both  cases.  The  only  difference  will  be  the  addition  of  a  waterproof 
bag  to  protect  the  bladder  of  the  second  case.  Therefore,  this  plan 
outlines  the  criteria  and  detailed  procedures  for  both  tests. 

Assembly,  instrumentation  and  hydrotesting  will  be  conducted 
at  the  Wasatch  Division  Test  Area.  The  test  fixture  will  provide  a 
floating  piston  device  which  will  apply  a  simulated  thrust  load  to  the 
forward  skirt. 

OBJECTIVES 

Although  test  methods  are  the  same  for  both  cases,  the  primary 
test  objectives  differ. 

A.  The  primary  objective  of  hydrotest/hydroburst  of  case  No.  1  is 
to  determine  the  actual  strength  levels  obtainable  before  failure 
and  thus  appraise  the  accuracy  of  analytical  calculations. 

B.  The  primary  objective  in  hydrotesting  case  No.  2  is  to  prove  the 
case  satisfactory  for  subsequent  loading  and  firing. 

C.  Secondary  objectives  of  both  tests  are: 

1.  To  verify  the  manufacturing  methods,  process  controls, 
quality  assurance  provisions,  etc. .  used  to  fabricate 
the  case. 

2.  To  demonstrate  the  feasibility  of  using  large  filament 
wound  plastic  cases  for  solid  propellant  rocket  motors. 

3.  To  determine  behavior  characteristics  of  large  plastic 
cases  including: 

Percent  elongation  of  glass  laminate 
Deflections 

Stress/strain  relationships 


II-l 


III. 


HARDWARE  INSPECTION 


A.  Pretest 

The  following  pretest  inspection  of  the  case  and  related  test  hard¬ 
ware  shall  be  performed  prior  to  pressurization.  Departures 
and  deviations,  to  this  plan,  or  established  drawings  shall  be 
coordinated  with  the  cognizant  Project  Engineer. 

1.  Visually  inspect  the  outside  case  wall  and  note  any 
apparent  flaws  by  description  and  location. 

2.  Measure  and  record  the  length  at  each  longitudinal 
extensometer  location. 

3.  Measure  and  record  the  case  circumference  at  each 
circumferential  extensometer  location. 

4.  Measure  and  record  the  actual  location  of  each  strain 
gage. 

B.  Post-test 

Post-test  evaluations  will  be  directed  by  the  Project  Engineer. 

IV.  INSTRUMENTATION 

Instrumentation  will  be  installed  on  the  case  assembly  in 
accordance  with  Instrumentation  Installation  Drawing  7U37716.  All 
instrumentation  readings  will  be  recorded  continuously  throughout 
the  test  on  magnetic  tape.  (See  Table  I  for  Instrumentation  Coding 
System. ) 

A.  Strain  Gages 

Sixty  (60)  strain  gages  will  be  located  on  the  case  as  shown  on 
the  instrumentation  drawing.  Overall  accuracy  of  the  strain 
measurements  will  be  +  5  percent,  at  3  percent  strain. 

B.  Extensometers 

Fifteen  (15)  extensometers  will  be  located  on  the  case  per  the 
instrumentation  drawing  (7U37716-03).  Overall  accuracy  of 
extensometer  measurements  will  be  +  5  percent  at  maximum 
deflection. 
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c. 


Pressure  Transducers 


VI. 


Two  (2)  pressures  will  be  recorded  continuously  at  the  aft 
dome.  The  transducers  will  be  located  as  close  to  the  case 
as  possible.  Overall  accuracy  of  the  pressure  measurements 
will  be  +  2  percent. 

The  test  will  be  conducted  in  Test  Bay  T-17  of  the  Wasatch 
Division  Test  Area.  The  test  stand  shall  be  assembled  per  drawing 
2U25060-02.  Pumping  facilities  shall  be  capable  of  delivering  300  gpm 
at  a  pressure  of  1,500  psig.  There  will  be  a  minimum  of  1,000  gallons 
makeup  water  required  to  reach  failure  pressure. 

The  case  will  be  hydrotested  in  the  vertical  position  with  the 
forward  skirt  resting  on  the  base  structure  of  the  test  stand  (per  Test 
Stand  Drawing  2U25060-02). 

Nozzle  thrust  is  simulated  by  a  floating  piston  in  a  flanged 
cylinder  attached  to  the  aft  polar  boss.  This  thrust  load  is  applied  to 
the  overhead  test  stand  structure  by  the  piston  and  is  reacted  against 
the  forward  skirt  by  the  base  structure. 

The  piston  cylinder  device  allows  free  axial  expansion  of  the 
case  while  lateral  and  gimbal  bearing  units  compensate  for  any  twisting 
or  lateral  movements. 

_ Jo  .order  1q  guarantee- a  flat  surface- and  uniform  bearing  loads, 

an  Epocast  31-D  filler  will  be  provided  between  the  piston  and  overhead 
structures.  The  filler  will  be  installed  per  2U25060-02,  with  the  piston 
raised  to  its  maximum  height  (Note:  hydrant  pressure  only  required  for 
this  operation). 

Pressurization  fluid  shall  be  water  at  ambient  temperature. 
TEST  PROCEDURE 

A.  To  minimize  time  in  the  test  bay,  all  possible  strain  gages  and 
all  possible  extensometer  brackets  and  guides  shall  be  mounted 
before  the  case  is  placed  in  the  test  stand. 
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B.  Following  strain  gage  and  extensometer  mounting,  the  case  will 
be  installed  in  the  test  fixture  and  aligned.  The  floating  piston 
will  be  installed  in  the  aft  section  and  the  assembly  of  the  test 
stand  completed. 

C.  The  case  shall  be  inspected  as  specified  in  Section  in  A.  3  and 
A. 4  Pretest  Inspection. 

D.  The  portable  pumping  facility  will  be  connected  and  the  air  in 
the  case  purged. 

E.  The  case  will  then  be  leak  tested  at  100  psig  for  ten  (10)  minutes 
before  returning  to  0  psig  pressure.  Criteria  for  successful 
leak  test  is  zero  leakage.  A  cognizant  Project  Engineer  must 
be  present  for  observation  and  evaluation  in  this  cycle. 

F.  Instrumentation  will  be  zeroed  and  balanced--cameras  will  be 
loaded. 

G.  The  case  will  then  be  pressurized  to  790  t  q°  psig  at  the 
prescribed  rate  of  4  psig  per  second  (min)  to  8  psig  per  second 
(max).  The  pressure  will  be  held  for  120  +  jj  seconds  and  then 
reduced  to  a  zero  at  a  maximum  rate  of  15  psig  per  second. 

H.  The  following  paragraph  applies  to  case  No.  1  only: 

After  proof  testing  the  performance  of  instrumentation  and  data 
acquisition  equipment  will  be  assessed.  Remove  all  extensom- 
eters.  Cameras  will  be  reloaded,  if  needed.  The  case  will 
then  be  pressurized  at  a  rate  of  4  to  8  psig  per  second  to  705  +  10 
psig  and  held  at  this  pressure  for  110  +  5  seconds.  The  ~  ° 
pressure  will  then  be  increased  at  a  rate  of  4  to  8  psig  per 
second  until  failure  occurs. 

PHOTOGRAPHIC  COVERAGE 

Photographic  coverage  for  the  two  proof  tests  at  790  psig  will 

consist  of  the  following: 

1.  Two  (2)  high  speed  cameras  (64  frames  per  second). 

One  located  to  provide  an  unobstructed  view  of  the 
entire  motor  case  and  the  other  to  provide  an  unobstructed 
view  of  the  aft  case  area.  This  will  include  the  piston 
assembly  and  aft  portion  of  the  test  stand. 


VIII. 


Appropriate  still  photographs  in  color  and  black  and 
white  will  be  taken  to  document  the  entire  test  effort. 
This  will  include  installing  the  case  in  the  test  stand, 
instrumentation,  test  setup,  test  stand,  etc. ,  in  all 
phases  of  buildup. 


3.  Documentary  still  photographs  will  be  taken  of  the 
completed  setup  before  and  after  test. 

4.  Photographic  coverage  for  the  hydroburst  test  will 
include  all  of  the  above,  plus  the  following: 

a)  Four  (4)  additional  high  speed  cameras 
(64  frames  per  second),  giving  a  total  of 
six  (6).  These  will  provide  unobstructed 
views  of  the  entire  case  from  three  (3) 
radial  directions  at  the  top  and  at  the  bottom. 

b)  Three  (3)  very  high  speed  cameras  (400 
frames  per  second).  These  will  be  placed 
120  deg  apart  at  the  case  center,  thus  giving 
complete  coverage  of  all  of  the  cylindrical 
portions.  Figure  1  shows  the  photographic 
layout. 

DATA  REDUCTION  AND  REPORT  SCHEDULE 


All  films  will  be  processed  within  three  (3)  working  days. 

Selective  gages  (selected  by  Development  Engineering  with  the 
aid  of  the  film)  shall  be  run  through  the  quick  look  recorder. 

Following  the  quick  look  run,  the  tapes  will  be  processed  through 
the  IBM  and  the  IBM  output  will  be  made  available  to  Development 

Engineering  within  five  (5)  days. 

Final  data  from  the  hydrotest  will  be  made  available  to  Develop¬ 
ment  Engineering  within  six  (6)  working  days  following  receipt 
of  the  IBM  runs. 

Development  Engineering  will  analyze  the  data  and  prepare  a 
test  report  four  (4)  weeks  after  the  hydrotest. 
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IX. 


REFERENCED  DRAWINGS 


7U37701  Case  Assembly — TU-393 

7U37716-03  Instrumentation  Installation--TU-393 

2U25060-02  Hydrostatic  Test  Stand 
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TABLE  I 

INSTRUMENTATION  CODING  SYSTEM 


Pickup 

Expected 

Required 

Code 

Priority 

Ranee 

Accuracy 

P001 

M 

0-1 , 000  psig 

+  2.0% 

P002 

M 

0-1,000  psig 

+  2.0% 

D001 

R 

0-15  in. 

+  5.0% 

DO  02 

R 

0-15  in. 

+  5.0% 

D003 

R 

0-15  in. 

+  5.0% 

D004 

R 

0-15  in. 

+  5.0% 

D005 

R 

0-15  in. 

+  5.0% 

D006 

R 

0-15  in. 

+  5.0% 

D007 

R 

0-15  in. 

+  5.0% 

D008 

R 

0-15  in. 

+  5.0% 

D009 

R 

0-15  in. 

+  5.0% 

D010 

R 

0-15  in. 

+  5. 0% 

D011 

R 

0-15  in. 

+  5.0% 

D012 

R 

0-15  in. 

+  5.0% 

D013 

R 

0-5  in. 

+  5.0% 

D014 

R 

0-5  in. 

+  5.0% 

DO  15 

R 

0-5  in. 

+  5.0% 

S001 

R 

0.030  in. /in. 

+  5.0% 

S002 

R 

0.030  in. /in. 

+  5.0% 

S003 

R 

0.030  in. /in. 

+  5.0% 

S004 

R 

0.030  in. /in. 

+  5.0% 

S005 

R 

0.030  in. /in. 

+  5.0% 

S006 

R 

0.030  in. /in. 

+  5.0% 

S007 

R 

0.030  in. /in. 
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+  5.0% 

Remarks 

Pressure 

Pressure 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Displacement 

Strain 

Strain 

Strain 

Strain 

Strain 

Strain 

Strain 


TABLE  I  (Cont) 


Pickup 

Code 

Priority 

Expected 

Range 

Required 

Accuracy 

Remarks 

S008 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S009 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S010 

R 

0.030  in. /in. 

+  5.0% 

Strain 

soil 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S012 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S013 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S014 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S015 

R 

0. 020  in. /in. 

+  5.0% 

Strain 

S016 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S017 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S018 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S019 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S020 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S021 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S022 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S023 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S024 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S025 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S026 

R 

0.020  in. /in. 

+^  5.0% 

Strain 

S027 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S028 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S029 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S030 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S031 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S032 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S033 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S034 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S035 

R 

0.030  in. /in. 

+  5. 0% 

Strain 

F 


TABLE  I  (Cont) 


Pickup 

Code 

Priority 

Expected 

Range 

Required 

Accuracy 

Remarks 

S036 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S037 

R 

0. 030  in. /in. 

+  5.0% 

Strain 

S038 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S039 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S040 

R 

0 . 030  in. /in. 

+  5.0% 

St;  a  in 

S041 

R 

0.030  in. /in. 

+  5.0% 

Strain 

SO  42 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S043 

R 

0.030  in. /in. 

+  5.0% 

Strain 

SO  44 

R 

0.030  in. /in. 

±5.0% 

Strain 

S045 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S046 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S047 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S048 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S049 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S050 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S051 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S052 

R 

0.020  in. /in. 

+  5.0% 

Strain 

S053 

R 

0.030  in. /in. 

+  5.0% 

Strain 

SO  54 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S055 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S056 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S057 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S058 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S059 

R 

0.030  in. /in. 

+  5.0% 

Strain 

S060 

R 

0.030  in. /in. 

+  5.0% 

Strain 
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FOREWORD 


This  test  plan  covers  the  hydrotesting  of  a  TU-393  fiberglass 
reinforced  plastic  rocket  motor  case.  It  has  been  prepared  by  Thiokol 
Chemical  Corporation  for  use  on  Contract  AF  04(69 5) -773. 
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I.  INTRODUCTION 

The  TU-393  case  S/N  2  per  drawing  7U37721-04  will  be  hydro¬ 
proof  tested,  then  loaded  and  static  tested.  This  case  is  different  from 
case  S/N  1  only  in  that  the  insulation  has  been  installed  and  other 
minor  design  improvements  incorporated.  Test  setup,  equipment  and 
instrumentation  procedures  will  be  the  same.  The  amount  and  location 
of  instrumentation  is  different  to  obtain  maximum  data.  The  insulation 
surface  will  be  protected  by  a  waterproof  bag  during  hydrotesting. 

II.  OBJECTIVES 

A.  The  primary  objective  in  hydrotesting  case  No.  2  is  to  prove  the 
case  satisfactory  for  subsequent  loading  and  firing. 

B.  Secondary  objectives  of  the  test  are: 

1.  To  verify  the  manufacturing  methods,  process  controls, 
quality  assurance  provisions,  etc.,  used  to  fabricate 
the  case. 

2.  To  demonstrate  the  feasibility  of  using  large  filament 
wound  plastic  cases  for  solid  propellant  rocket  motors. 

3.  To  determine  behavior  characteristics  of  large  plastic 
cases  including: 

Percent  elongation  of  glass  laminate 
Deflections 

Stress/strain  relationships 

III.  HARDWARE  INSPECTION 
A.  Pretest 

The  following  pretest  inspection  of  the  case  and  related  test  hardware 
shall  be  performed  prior  to  pressurization.  Departures  and  deviations, 
to  this  plan,  or  established  drawings  shall  be  coordinated  with  the 
cognizant  Project  Engineer. 
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1.  Visually  inspect  the  outside  case  wall  and  note  any  apparent 
flaws  by  description  and  location. 

2.  Measure  and  record  the  length  at  each  longitudinal  extensometer 
location. 

3.  Measure  and  record  the  case  circumference  at  each 
circumferential  extensometer  location. 

4.  Measure  and  record  the  actual  location  of  each  strain 
gage. 

B.  Post- test 

Post-test  evaluations  will  be  directed  by  the  Project  Engineer. 

IV.  INSTRUMENTATION 

Instrumentation  will  be  installed  on  the  case  assembly  in 
accordance  with  Instrumentation  Installation  Drawing  7U37716-01. 

All  instrumentation  readings  will  be  recorded  continuously  throughout 
the  test  (see  Table  I  for  Instrumentation  Coding  System). 

A.  Strain  Gages 

Thirty  (30)  strain  gages  will  be  located  on  the  case  as  shown  on 
the  instrumentation  drawing.  Overall  accuracy  of  the  strain 
measurements  will  be  +  5  percent,  at  3  percent  strain. 

B.  Extensometers 

Ten  (10)  extensometers  will  be  located  on  the  case  per  the 
instrumentation  drawing  (7U37716-01).  Overall  accuracy  of 
extensometer  measurements  will  be  +  5  percent  at  maximum 
deflection. 

C.  Pressure  Transducers 

Two  (2)  pressures  will  be  recorded  continuously  at  the  aft 
dome.  The  tranducers  will  be  loacted  as  close  to  the  case 
as  possible.  Overall  accuracy  of  the  pressure  measurements 
will  be  +  2  percent. 
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The  test  will  be  conducted  in  Test  Bay  T-17  of  the  Wasatch  Division 
Test  Area.  The  test  stand  shall  be  assembled  per  drawing  2U25060-02. 
Pumping  facilities  shall  be  capable  of  delivering  300  gpm  at  a  pressure  of 
1,  500  psig.  There  will  be  a  minimum  of  1,  000  gallons  makeup  water 
required  to  reach  failure  pressure. 

The  case  will  be  hydrotested  in  the  vertical  position  with  the 
forward  skirt  resting  on  the  base  structure  of  the  test  stand  (per  Test 
Stand  Drawing  2U25060-02). 

Nozzle  thrust  is  simulated  by  a  floating  piston  in  a  flanged  cylinder 
attached  to  the  aft  polar  boss.  This  thrust  load  is  applied  to  the  overhead 
test  stand  structure  by  the  piston  and  is  reacted  against  the  forward  skirt 
by  the  base  structure. 

The  piston  cylinder  device  allows  free  axial  expansion  of  the  case 
while  lateral  and  gimbal  bearing  units  compensate  for  any  twisting  or 
lateral  movements. 

Pressurization  fluid  shall  be  water  at  ambient  temperature. 

V.  TEST  PROCEDURE 

A.  The  case  will  be  installed  in  the  test  stand  and  aligned.  The 
floating  piston  will  be  installed  in  the  aft  section  and  the  assembly 
of  the  test  stand  completed. 

B.  Instrumentation  will  be  installed. 
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C.  The  case  shall  be  inspected  as  specified  in  Section  III  A.  3  and  A.  4 
Pretest  Inspection. 

D.  The  portable  pumping  facility  will  be  connected  and  the  air  and 
the  case  purged. 

E.  The  case  will  then  be  leak  tested  at  100  psig  for  ten  (10)  minutes 
before  returning  to  0  psig  pressure.  Criteria  for  successful  leak 
test  is  zero  leakage.  A  cognizant  Project  Engineer  must  be  present 
for  observation  and  evaluation  in  this  cycle. 

F.  Instrumentation  will  be  zeroed  and  balanced-cameras  will  be 
loaded. 

G.  The  case  will  then  be  pressurized  to  775  -i°  psig  at  the  prescribed 
rate  of  4  psig  per  second  (min)  to  8  psig  per  second  (max).  The 
pressure  will  be  held  for  held  for  120  seconds  and  then  reduced 
to  a  zero  at  a  maximum  rate  of  15  psig  per  second. 

VI.  PHOTOGRAPHIC  COVERAGE: 

Photographic  coverage  for  the  proof  test  at  790  psig  will  consist 

of  the  following: 

1.  Two  (2)  high  speed  cameras  (64  frames  per  second).  One 
located  to  provide  an  unobstructed  view  of  the  entire  motor 
case  and  the  other  to  provide  an  unobstructed  view  of  the  aft 
case  area.  This  will  include  the  piston  assembly  and  aft 
portion  of  the  test  stand. 
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2.  Appropriate  still  photographs  in  color  and  black  and  white 
will  be  taken  to  document  the  entire  test  effort.  This  will 
include  installing  the  case  in  the  test  stand,  instrumentation, 
test  setup,  test  stand,  etc.,  in  all  phases  of  buildup. 

3.  Documentary  still  photographs  will  be  taken  of  the  completed 
setup  before  and  after  test. 

4.  Two  (2)  high  speed  cameras  (400  frames  per  second)  will 
be  placed  to  give  an  unobstructed  view  of  the  case. 

VII.  DATA  REDUCTION  AND  REPORT  SCHEDULE 

A.  All  films  will  be  processed  within  three  (3)  working  days. 

B.  Selective  gages  (selected  by  Development  Engineering  with  the 
aid  of  the  film)  shall  be  run  through  the  quick  look  recorder. 

C.  Following  the  quick  look  run,  the  tapes  will  be  processed  through 
the  IBM  and  the  IBM  output  will  be  made  available  to  Development 
Engineering  within  five  (5)  days. 

D.  Final  dafa  from  the  hydrotest  will  be  made  available  to  Develop¬ 
ment  Engineering  within  six  (6)  working  days  following  receipt 
of  the  IBM  runs. 

E.  Developme.it  Engineering  will  analyze  the  data  and  prepare  a 
test  report  four  (4)  weeks  after  the  hydrotest. 

VIII.  REFERENCED  DRAWINGS 

7U37721  Case  Assembly  -  TU-393 

7U37722  Adapter  Assembly  Rocket  Motrr  FWD 

7U37716  Instrumentation  Installation  -  TU-393 

2U25060  Hydrostatic  Test  Stand 
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TABLE  I 

INSTRUMENTATION  CODING  SYSTEM 


Pickup 

Code 

Priority 

Expected 

Ranee 

Required 

Accuracy 

Remarks 

P001 

M 

0-1,  000  psig 

+  2.0% 

Pressure 

P002 

M 

0-1,  000  psig 

+  2.0% 

Pressure 

D001 

R 

0-5  inches 

+  5. 0% 

Displacement 

D002 

R 

0-5  inches 

+  5.0% 

Pi  splacement 

D003 

R 

0-5  inches 

+  5.  0% 

acement 

D005 

R 

0-15  inches 

+  5.  0% 

^placement 

D006 

R 

0-15  inches 

+  5. 0% 

Displacement 

D007 

R 

0-15  inches 

+  5.  0% 

Displacement 

D008 

R 

0-5  inches 

+  5.0% 

Displacement 

DO  09 

R 

0-5  inches 

+  5. 0% 

Displacement 

D010 

R 

0-3  inches 

+  5.0% 

Displacement 

D011 

R 

0-3  inches 

+  5.0% 

Displacement 

S001 

R 

0-0. 030  in.  /in. 

+  5.0% 

Strain 

S002 

R 

0-0. 030  in.  /in. 

+  5. 0% 

Strain 

S003 

R 

0-0. 030  in.  /in. 

+  5. 0% 

Strain 

S004 

R 

0-0. 030  in.  /in. 

+  5.0% 

Strain 

S005 

R 

0-0. 030  in.  /in. 

+  5.0% 

Strain 

S006 

R 

0-0.030  in. /in. 

+  5.0% 

Strain 

S007 

R 

0-0.030  in.  /in. 

+  5.0% 

Strain 
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TABLE  I  (Cont) 

INSTRUMENTATION  CODING  SYSTEM 


Pickup 

Code 

Priority 

Expected 

Range 

Required 

Accuracy 

Remarks 

S008 

R 

0-0. 030  in.  /in. 

+  5.0% 

Strain 

S009 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

S010 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

SOU 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

S012 

R 

0-0.030  in.  /in. 

+  5.  0% 

Strain 

S013 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

S014 

R 

0-0.030  in.  /in. 

+  5.  0% 

Strain 

S015 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

S016 

R 

0-0.030  in.  /in. 

+  5.  0% 

Strain 

S017 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

S018 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

S019 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

S020 

R 

0-0. 030  in.  /in. 

+  5.0% 

Strain 

S021 

R 

0-0. 030  in.  /in. 

+  5. 0% 

Strain 

S022 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

S023 

R 

0-0. 030  in.  /in. 

+  5.  0% 

Strain 

S024 

R 

0-0. 030  in.  /in. 

+  5. 0% 

Strain 

S025 

R 

0-0. 030  in.  /in. 

+  5. 0% 

Strain 

S026 

R 

0-0.030  in. /in. 

+  5.  0% 

Strain 

S027 

R 

0-0.030  in. /in. 

+  5.0% 

Strain 
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TABLE  I  (Cont) 

INSTRUMENTATION  CODING  SYSTEM 


Pickup 

Code 

Priority 

Expected 

Ranee 

Required 

Accuracy 

S028 

R 

0-0. 030  in. /in. 

5.  0% 

S029 

R 

0-0.  030  in. /in. 

+  5. 0% 

S030 

R 

0-0. 030  in.  /in. 

+  5. 0% 

Remarks 

Strain 

Strain 

Strain 
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1.  INTRODUCTION 


A  stress  analysis  of  the  Thiokol  solid  propellant  motor  TU-393  has 
been  conducted.  The  analysis  used  was  based  on  linear  elastic  theory  and 
utilized  a  finite  element  stiffness  method  approach.  Two  loading  condi¬ 
tions  were  considered,  internal  pressurization  and  a  uniform  temperature 
variation.  This  motor  is  encased  in  a  Fiberglas  case.  The  analysis 
performed  accounts  for  the  orthotropic  characteristics  of  the  case.  The 
results  of  this  analysis  are  presented  in  the  form  of  plots  of  stresses, 
strains,  and  displacements  at  various  locations  in  the  motor.  Also  the 
entire  computer  data  output  is  present  in  the  Appendix  to  this  report. 

The  analysis  is  complicated  by  the  presence  of  an  irregular  star¬ 
shaped  perforation  of  the  forward  portion  of  the  grain.  This  portion  is 
analyzed  using  the  results  of  photoelastic  studies.  The  results  of  this 
analysis  are  also  presented  in  this  report. 


2 .  PROCEDURE 

In  this  analysis  the  stresses  and  deformations  are  determined  under 
the  restriction  of  linear  elasticity.  The  solution  is  complicated  by  the 
presence  of  a  star  shape  in  the  forward  30  percent  of  the  inner  bore,  the 
aft  portion  of  the  bore  being  circular.  The  star  perforation  was  evalu¬ 
ated  using  photoelastic  results.  An  equivalent  axisymmetric  grain  was 
analyzed  by  MSC's  stiffness  method  programs.  The  results  are  combined 
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in  Section  5  to  obtain  an  estimation  of  the  actual  three-dimensional 
stress  and  strain  states.  In  the  propellant  the  star-perforated  section 
of  the  inner  bore  was  replaced  by  a  circular  port,  the  radius  of  the 
circular  port  being  an  equal  airea  radius.  This  results  in  a  geometry 
which  is  a  circular  port  in  the  head  end  of  one  radius  expanding  at 
station  44.8  (i.e.,  z  the  axial  location  is  44.8  inches  from  the  head 
end)  to  a  larger  circular  port.  This  provides  a  circular  port  to  circu¬ 
lar  port  transition  geometry  to  represent  the  star-perforated  port  to 
circular  port  transition.  Since  the  case  liner  and  filler  materials 
have  material  properties  similar  to  the  propellant,  they  were  considered 
part  of  the  propellant  grain.  This  results  in  the  equivalent  axisymmetric 
grain  shown  in  Figure  1.  Two  separate  numerical  analyses  were  conducted, 
one  using  the  geometry  defined  by  ABCFED  and  the  other  using  the  geometry 
defined  by  ABC 'FED  of  Figure  1.  Geometry  C  was  used  in  one  analysis  for 
numerical  reasons. 

For  the  Fiberglas  case  two  idealizations  were  employed.  The  alumi¬ 
num  bosses  for  retaining  the  head-end  closure  and  the  nozzle  were  viewed 
as  rigid  boundaries  in  rotation  and  radial  deflection.  In  addition  the 
aft  end  was  held  in  the  axial  direction  to  prevent  rigid  body  motion  in 
the  analysis,  the  head  end  being  free  to  expand  in  the  axial  direction. 
These  case  boundary  conditions  are  shown  in  Figure  2.  In  order  to 
account  for  the  "Y"  joints  in  the  case  the  thickness  was  increased  to 
one  inch  at  both  locations.  The  resulting  variation  in  case  thickness 
is  shown  in  Table  1.  The  case  thickness  varies  linearly  between  the 
points  given. 
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Two  values  of  the  elastic  modulus  were  used  to  approximate  the  visco¬ 
elastic  behavior  of  the  propellant.  For  the  internal  pressurization  a 

2 

short-time  modulus  of  1,000  lbs/in  was  used.  For  the  uniform  thermal 
contraction  (equivalently  cure  shrinkage  and  cooldown)  a  long-time  modulus 
of  200  lbs/in^  was  used.  In  all  problems  the  value  of  Poisson's  ratio 
was  held  constant  at  0.49.  For  the  coefficient  of  thermal  expansion  a 
typical  value  of  5.75  x  10  ^  in/in°F  was  used. 

For  the  Fiberglas  case  the  orthotropic  material  properties  supplied 
by  the  Thiokol  Chemical  Corporation  were  used.  They  are  as  follows: 

E  =  6.17  x  10^  lbs/in 

Cir . 

E  =  4.78  x  10^  lbs/in  . 

Long. 

An  average  value  of  0.25  for  Poisson's  ratio  was  provided  by  TCC.  Since 
symmetry  requires 


v  E  *  v  E  , 

CL  L  LC  C 

the  Poisson's  ratios  were  taken  as 

"cl  ‘  °-282 

"LC  ‘  °'218  ' 

Typically  in  Fiberglas  cases  the  product  a  E.  equals  o  E  .  Thus,  the 

Li  Li  C  C 

values  for  the  coefficients  of  thermal  expansion  were  taken  as 

a  =  5  x  10  ^  in/in°F 
a  =  6.4  x  10  ^  in/in°F  . 

Li 


IV- 3 


3 .  INTERNAL  PRESSURE 


Since  the  flaps  at  either  end  of  the  motor  are  filled  and  sealed 
after  manufacture,  they  were  assumed  to  be  nonexistent  for  the  pressure 
loading  condition.  The  pressure  acts  on  the  inner  bore  between  the 
points  A  and  C  or  C'  shown  in  Figure  1.  The  pressure  loading  occurs 
during  ignition,  thus  the  short-time  modulus  of  1,000  lbs/in^  was  used 
to  represent  the  response  of  the  propellant. 

The  propellant  was  bonded  to  the  case  from  the  point  A  to  point  F 
as  shown  in  Figure  1.  The  propellant  was  held  rigidly  from  F  to  C  or  C1; 
this  is  the  location  of  the  aft-end  boss.  The  shear  load  experienced  by 
the  case  due  to  the  reaction  of  the  head-end  closure  under  pressurization 
is  shown  in  Figure  2  as  Vz. 

The  major  results  of  this  analysis  are  shown  in  Figures  3  through 
13  for  an  internal  pressure  of  100  lbs/in^.  Figures  3  and  4  show  the 
case  displacements,  while  Figures  5  and  6  show  the  bond  stresses  gener¬ 
ated  by  the  internal  pressure.  The  overall  bore  behavior  is  shown  in 
Figures  7  to  11.  It  should  be  noted  that  the  peak  shown  in  the  hoop 
strain  curve  of  Figure  9  does  not  exist  in  the  actual  motor.  For  the 
strains  existing  in  the  forward  region,  Section  5  dealing  with  the 
application  of  the  concentration  factors  should  be  consulted.  Figures 
10  and  11  show  the  stress  behavior  in  the  circular  port  to  circular  port 
transition  region.  These  may  be  used  as  bounding  values  in  determining 
the  three-dimensional  stress  state  existing  in  this  region  of  the  actual 
motor . 
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Ihcse  results  have  been  obtained  from  two  independent  computer 
analyses.  Sections  I  and  II  of  the  Appendix  contain  a  complete  tabula¬ 
tion  of  the  computer  results  for  internal  pressure. 


4.  THERMAL  LOADS 

For  use  in  the  cure  shrinkage  and  cooldown  studies,  the  motor  was 
subjected  to  a  uniform  temperature  drop  of  100°F.  The  relief  flaps  at 
either  end  were  assumed  to  be  unfilled  and  hence  the  grain  unbonded  in 
that  region.  The  flap  in  the  head  end  extends  to  a  radius  of  60  inches 
and  to  a  radius  of  47  inches  in  the  aft  end.  These  points  are  approxi¬ 
mately  located  in  Figure  1  by  D  and  F,  respectively. 

Stresses  are  developed  due  to  the  difference  in  coefficient  of 
thermal  expansion  of  the  case  and  propellant  material.  The  propellant 
coefficient  of  expansion  is  approximately  ten  times  greater  than  that  of 
the  case.  The  resulting  case  displacements  and  bond  stresses  are  shown 
in  Figures  14  through  17 .  The  behavior  of  the  bore  is  shown  in  Figures 
18  through  22. 

A  complete  tabulation  of  the  results  is  contained  in  Section  III 
of  the  Appendix. 
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5.  APPLICATION  OF  CONCENTRATION  FACTORS 


♦ 


The  analysis  thus  far  has  not  accounted  for  the  star-perforated 
forward  section  of  the  motor.  This  is  done  by  use  of  concentration 
factors  determined  from  photoelastic  studies.  The  photoelastic  tests 
of  Reference  1  have  two  assumptions  which  are  pertinent  to  this  analysis. 
The  factors  obtained  are  exact  for  the  case  of  an  infinitely  long  cylin¬ 
drical  grain  with  a  uniform  internal  and  external  pressure.  Hence  the 
reaction  of  the  case  must  be  approximated  by  a  uniform  external  pressure, 
and  the  actual  stress  state  must  be  approximated  by  a  plane  strain  stress 
state . 

Obviously  the  stress  state  existing  at  the  head  end  of  the  motor 
where  the  external  boundary  is  a  curved  boundary  is  not  one  of  plane 
strain.  In  the  region  where  the  web  fraction  is  large  the  assumption  of 
uniform  pressure  being  exerted  by  the  case  is  fairly  good.  However,  in 
spite  of  these  difficulties  some  estimation  of  the  stress  and  strain 
fields  must  be  made. 

The  geometry  of  the  star  perforation  is  shown  in  Figure  23.  The 
outer  radius  b  varies  with  the  axial  station.  This  type  of  configuration 
has  been  tested  photoelastically  by  Fourney  and  Parmerter.  A  plot  of 
the  concentration  factor  H  versus  the  port  fraction  a/b  is  shown  in 
Figure  24.  The  variation  of  H  with  z  the  axial  station  is  shown  in 
Figure  25. 
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Pressure  Problem 


Two  approaches  will  be  used  to  calculate  the  strains  that  exist  in 
me  forward  section  of  the  motor.  The  first  approach  will  be  a  straight  - 
forwaid  plane  strain  analysis  with  a  judicious  selection  of  the  equiva¬ 
lent  circular  inner  port.  The  second  approach  will  consider  that  there 
are  two  separate  effects  which  are  being  approximated,  the  first  is  thaL 
of  the  irregular  star  shape,  the  second  is  the  finite  length  of  the  cir¬ 
cular  cylindrical  grain. 

In  the  first  approach  it  is  necessary  to  calculate  an  interface 
pressure  that  would  exist  between  an  infinitely  long  flexible  case  and 
a  circular  port  propellant  grain.  The  difficulty  here  occurs  in  the 
selection  of  the  proper  equivalent  grain  to  simulate  the  behavior  of  the 
star-perforated  grain.  This  has  been  discussed  in  detail  in  Reference  1 . 
Figure  26  shows  the  variation  of  the  interface  pressure  p'  with  axial 
station.  Shown  in  this  figure  are  curves  of  p ' /p ^  for  both  the  equal 
web  fraction  and  equal  area  equivalence.  Also  shown  is  the  result  of 
the  computer  solution  for  the  radial  pressure  at  the  case-grain  inter¬ 
face.  It  is  seen  that  the  variation  in  these  various  "equivalents" 
becomes  significant  as  z  increases.  Based  on  experience  and  recent 
results  of  Reference  2,  a  value  of  p'/p^  =  0.80  is  chosen.  Using  this 
with  the  formulas  provided  in  Reference  1,  for  an  internal  pressure  of 
550  psi  a  maximum  strain  of 

i  max  =  39 

is  obtained.  The  calculations  were  made  for  axial  station  z  =  30" 
as  it  is  felt  that  this  is  more  realistic  than  larger  values  of  z. 
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Using  the  second  approach  one  assumes  that  the  computer  analysis 
has  taken  into  account  the  effect  of  the  finite  length  of  the  grain  and 
the  effects  of  the  flexible  case.  The  strain  thus  obtained  must  then  be 
multiplied  by  a  factor  to  account  only  for  the  star  perforation.  Hence 
the  strains  in  an  infinitely  long  grain  encased  in  a  rigid  case  are  cal¬ 
culated  on  an  equal  area  equivalence.  The  ratio  of  the  maximum  strain 
in  a  star-perforated  grain  to  the  maximum  strain  in  a  circular  port  grain 
is  calculated  to  be:  F  ■  2.4  . 

When  one  multiplies  this  by  the  strain  obtained  by  the  computer 
analysis  of  station  30  for  an  internal  pressure  of  550  psi,  a  maximum 
strain  of 


is  obtained. 


The  close  agreement  of  the  maximum  strains  calculated  by  these  two 
approaches  lends  credibility  to  these  results. 


Thermal  Loadins 


As  in  the  pressure  problem  the  two  separate  approaches  will  be  used 

in  calculating  the  stresses  due  to  a  uniform  temperature  change.  Using 

the  first  approach  the  following  values  of  interface  pressure  are 

o 

obtained  for  a  100  F  temperature  drop  at  station  30: 


Equal  Web  Fraction:  p'  »  -4.9  psi 
Equal  Area:  p?  -  -10.7  psi 

Results  from 

Computer  Analysis:  p'  - 


-5.0  psi 


Hence  as  in  the  pressure  problem  the  equal  web  fraction  and  computer 
solution  appear  to  be  in  agreement  and  the  value  of  p'  for  the  equal  web 


fraction  is  used.  This  results  in  a  maximum  strain  of 


( * max^x 


7.7% 


using  again  the  formulas  presented  in  Reference  1. 

Using  the  second  approach  a  factor  of  F  ■  2.25  is  obtained.  This 
results  in  a  maximum  strain  at  station  30  of 

<<max>T  "  5.4%  . 

Hence,  again  the  close  agreement  leads  one  to  the  conclusion  that  values 
used  should  be  between  the  values  calculated. 

It  is  important  to  note  that  the  strain  due  to  the  temperature  drop 
is  of  the  same  sig*'  as  that  due  to  the  pressurization. 


6.  CONCLUSIONS 

A  stress  analysis  of  the  Thiokol  motor  TU-393,  under  the  assumptions 
previously  stated,  indicated  that  the  maximum  strains  occur  in  the  star- 
perforated  forward  portion  of  the  grain.  Due  to  an  internal  pressuriza¬ 
tion  of  550  psi  a  maximum  strain  of  approximately  40  percent  is  obtained. 
For  a  uniform  temperature  decrease  of  100°F  the  maximum  strain  occurs  in 
the  same  general  location  and  has  a  value  of  approximately  six  percent. 
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Note  that  these  maximum  strains  due  to  temperature  decrease  and  pressuri¬ 
zation  are  additive. 

The  linear  analysis  used  is  not  adequate  to  predict  strains  of  this 
magnitude.  A  nonlinear  analysis  would  probably  show  some  reduction  in 
these  values.  Unfortunately,  the  present  state  of  the  art  does  not  per¬ 
mit  such  an  analysis  to  be  conducted. 

Calculations  of  the  strains  in  an  infinitely  long  grain  bonded  to  a 
flexible  case  with  a  geometry  equivalent  to  that  of  the  center  section 
of  the  motor  indicate  that  the  strain  is  a  strong  function  of  Poisson's 
ratio.  For  example: 


v  ■  0.490,  t max  *  18.67. 

"“O*50.  £max  *  10.57.  . 

Therefore  if  the  actual  value  of  Poisson's  ratio  is  greater  than  0.49, 
a  reduction  in  strain  could  be  expected.  However  the  actual  amount  of 
this  reduction  must  be  obtained  by  additional  analysis  and  cannot  be 
directly  inferred  by  the  results  presented  above. 

It  is  the  recommendation  of  MSC  that  additional  analysis  of  and/or 
modification  to  this  motor  be  made. 
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Ref:  Drawings  7U37721  and  7U37701 


FIGURE  2 


TABLE  1 


CASE  THICKNESSES 

Cast  Coordinates  Casa  Thickness 


r 

z 

t 

19.5 

0.0 

1.400 

32.0 

1.4 

0.500 

44. 7 

4.9 

0.450 

56.5 

11.0 

0.400 

66.0 

19.6 

0.350 

73.2 

30.8 

0.350 

76.5 

43.4 

1.000* 

77.2 

56.4 

0.600 

77.2 

69.5 

0.600 

77.2 

78.5 

0.600 

77.2 

87.5 

0.600 

77.2 

96.4 

0.600 

76.3 

104.1 

1.000* 

76.1 

111.9 

0.350 

74.5 

119.5 

0.350 

71.5 

126.6 

0.350 

67.2 

133.0 

0.400 

62.0 

139.0 

0.450 

56.2 

144.0 

0.550 

50.6 

148.4 

0.650 

(All  Niabere  in  Inchat) 


♦Added  thickness  to  repreeaat  the  behavior  of  the  "T"  joints. 
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CASE  BORD  S 
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FIGURE  7 
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BORE  STRESS  -  AXIAL 
INTERNAL  PRESSURE  •  100  LBS /IN 


FIGURE  11 


(Sco  Figure  13  for  Locations) 
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CASE  DISPLACEMENT  -  RADIAL 
DUE  TO  A  TEMPERATURE  CHARGE  -  -100°F 

200  Ibs/in^  v  *  0.49  a  ■  5.75  x  10”^  in/ln^^F 
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FIGURE  15 


FIGURE  17 


BORE  D  IS  FLA 


FIGURE  19 


BORE  STRESSES  -  AXIAL 
DUE  TO  A  TEMPERATURE  CHANGE  -  -100°F 
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FIGURE  21 


BORE  STRESSES 
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FIGURE  25 
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STRESS  ANALYSTS  OF  THE  FINAL  TU-i9i  GRAIN  DESIGN 


I.  Introduction. 

The  TU -39  5  rocket  motor  features  a  large  156-inch  diameter 
fiberglass  case.  The  grain  design  in  this  motor  has  a  62.4  percent  web. 

It  consists  oi  a  cylindrically  perforated  primary  grain,  reference 
Figure  l  tor  a  sketch.  As  can  be  seen  in  Figure  1  there  is  a  secondary 
grain  bonded  to  the  forward  dome.  Although  this  grain  is  essentially 
stress  strain  tree,  it  could  possibley  slump.  Attachment  A  of  this  report 
considers  this  aspect  of  the  secondary  grain.  Both  the  forward  and  the 
aft  dome  of  the  motor  have  large  stress  relief  flaps  on  the  primary  grain. 
The  L/D  of  this  motor  is  less  than  1.  The  propellant  used  in  this  motor 
is  TP-H8163,  an  HB  formulation  developed  by  the  Space  Booster  Division 
of  Thiokol.  The  motor  is  developmental  and,  as  such,  not  intended  for 
wide  deployment  temperatures.  It  will  not  be  deliberately  conditioned  below 
80  °  F. 

ft 

Although  the  motor  has  a  fiberglass  case,  it  is  relatively  rigid 
(more  so  than  most  high  performance  fiberglass  cases)  during  the  ignition 
pressurization  loading  period.  For  conservatism  during  the  cure  and 
thermal  shrinkage  and  gravity  loading,  the  case  is  assumed  rigid.  The 
reason  for  the  effective  rigidity  of  the  pressurization  is  that  the  peak 
pressure  will  be  less  than  one-half  the  design  pressure  of  the  case.  There¬ 
fore,  the  elongation  of  the  case,  even  if  full  bore  pressure  were  experienced 

at  the  case,  would  be  only  one-half  that  of  a  motor  of  optimum  design. 
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Sketch 


II. 


Analytical  Procedures  and  Assumptions. 

The  analytical  stress  program  currently  operational  at  the  Wasatch 
Division  is  one  obtained  from  the  Mathematical  Sciences  Corporation  in 
Seattle,  Washington.  Since  completion  of  the  analytical  studies  discussed  here, 
a  new  program  has  become  operational  and  it  has  neither  of  the  limitations 
ol  the  above  program.  Attachment  B  presents  a  brief  description  of  the  new 
program.  Also,  limited  TU-393  runs  were  made  and  then  results  are  shown. 
Although  a  copy  of  theprogram  write-up  has  been  supplied  to  the  customer,  a 
brief  synopsis  of  the  program's  capabilities  and  limitations  will  be  presented 
below.  The  program  permits  the  stress  analysis  of  axisymmetrical  problems 
pertinent  to  solid  rocket  motor  geometry.  The  geometry  may  be  any  arbitrary 
hollow  body  of  revolution.  The  materials  may  be  cylindrically  orthotropic  or  iso 
tropic.  Arbitrary  distributions  can  be  specified  as  long  as  the  resulting  displace 
ment  increments  are  small  compared  to  unity.  The  solution  is  obtained  by  the 
stiffness  method  using  a  finite  element  technique  in  which  the  body  is  divided 
into  a  large  number  ot  finite  elements  by  a  grid  work  of  lines  intersecting  at 
node  points.  The  present  program  determines  the  values  of  the  stress  and  dis¬ 
placement  fields  at  each  node  point.  By  reapplication  of  the  basic  program  in 
an  interactive  manner,  arbitrary  stress-strain  relations  can  be  treated;  hence, 
problems  of  non-linear  elasticity  with  small  displacements  can  be  solved. 

Ihe  equations  of  the  stiffness  methods  can  be  derived  from  the  theorem 
ol  minimum  potential  energy.  An  approximate  solution  for  displacements  is 
obtained  in  the  usual  way.  The  displacement  field  is  expressed  as  a  linear 
combination  of  functions  through  undetermined  coeificients.  The  coefficients 
arc  then  determined  so  that  the  potential  energy  is  a  minimum. 
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Although  the  program  Is  as  sxcsllsnt  program,  It  has 
two  shortcomings  regarding  propsllant  grain  analysis.  The  first 
i»  the  inability  to  consider  Poissen's  Ratio  input  of  0.5.  Further, 
even  though  Poisson*.  Ratio  near  0.5  can  be  accepted,  the  resulting 
•tresses  are  unrealistic.  The  program  can  consider  layered 
materials .  Therefore,  one  would  assume  that  the  case  is  Just 
another  layer  of  material.  The  second  shortcoming  is  that  this 
procedure  consumes  so  many  of  the  element,  and  node,  that  poor 
resolution  of  the  strains  result.  Vhen  a  plastic  or  any  very 
flexible  case  is  under  consideration,  it  is  necessary  to  resort 
to  artifices  to  circumvent  the  second  drawback.  For  ultra¬ 
conservatism,  the  usual  procedure  is  to  assign  no  strength  to 
the  propellant;  i.e.  the  propellant  is  an  incompressible  viscous 
fluid  which  means  that  bore  and  case-propellant  interface  pressure 
are  symonomous.  The  bore  chamber  pressure  is  then  used  to  determine 
the  mid  cylinderical  length  case  growth  from  hydrotest  and/or 
design  data.  These  growth  data  are  then  applied  to  the  entire  case. 
Thus,  two  points  of  conservatism  are  incorporated;  (1)  the 
propellant  doe.  have  strength  even  at  a  total  relaxed  condition 
therefore  the  case  will  not  experience  the  full  effects  of  bore 
pressure,  and  (2)  the  maximum  case  growth  occurs  at  the  mid 
length,  thus  the  growth  will  be  too  large  on  the  domas.  With 
regard  to  the  first  drawback  which  can  be  a  serious  one,  several 
brief  studies  have  been  made,  not  on  the  TU-393  motor,  but  on 
similar  motors  applicable  to  the  conditions  Involved.  For  cure 
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thermal,  and  gravity  load*  aa  Poisson's  Ratio  approaches  0.5,  the 
strains  of  the  bore  and  the  case-propellant  bond  stresses  increase. 

Prior  studies  of  the  stiffness  progras  have  shown  that  even  though 
the  stresses  are  unrealistic  the  strains  are  valid.  Thus,  one 
can  sake  an  analysis  with  a  Poisson's  Ratio  very  near  to  0.5 
for  the  strains  and  deformations.  To  obtain  useful  stress  resolution 

one  must  calculate  at  a  Poisson’s  Ratio  near  0.49.  The  same  type 

of  logic  can  also  be  applied  to  the  pressure  loading;  however,  it 
Bust  be  noted  that  now  the  strains  rapidly  decrease  as  Poisson's 
Ratio  of  0.5  is  approached,  but  as  with  cure  and  thermal,  the 
stresses  increase.  (This  latter  increase  in  stress  for  pressure 

loadings  is  a  hydrostatic  compression  field,  and  as  far  as  is  known  the 

propellant  to  be  used  in  this  Botor  is  traditionally  undamageable 
under  hydrostatic  coapresslon . )  To  illustrate  the  trends  under 
discussion,  two  figures  have  been  prepared.  Figure  2  is  a  plot  of 
induced  bond  stress  versus  Poisson's  Ratio,  and  Figure  3,  a  plot  of 
induced  bore  strain  versus  Poisson's  Ratio.  Figure  2  indicates  that 
the  bond  stress  at  Poisson's  Ratio  of  0.5  is  1.3  times  that  of  0.49 
for  the  cure  and  thermal  loading. 

The  TPH-8163  propellant  to  be  used  in  the  TU-393  has  not  been 
characterized  at  Wasatch,  however,  TPH-1096  has  and  is  equivalent 
to  8163.  For  the  cure,  theraal,  and  gravity  loadings  the  prinary 
parameter  of  importance  is  the  thermal  coefficient  of  linear  expansions  and 
the  coefficient  of  cure  shrinkage.  The  stress  relaxation  sodulus 
at  equilibriuB  or  rubbery  conditions  is  also  of  importance.  For 
the  cure  and  thermal  shrinkage  calculation,  however,  this  value  may 
be  perturbated  over  a  wide  range  with  a  negligible  effect  on  the 
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Effect  of  Poisson’s  Ratio  on  Bond  Stress 


stress-strain  results.  It  is  of  importance  in  the  gravity  load. 

The  coefficient  of  thermal  expansion  has  been  shown  to  be  between 
3.5  and  6.3  x  10~5  in/in/°F.  The  value  selected  for  this  study 
was  6  x  10”5  in/in/°F  which  should  nearly  represent  the  upper 
•  The  stress  relaxation  modulus  selection  for  these 
runs  was  200  psi,  which  appears  to  be  fairly  typical  of  this 
type  propellant.  The  coefficient  of  cure  shrinkage  is  not 
handled  directly  by  the  computer  program,  but  it  is  necessary 
to  convert  this  number  to  some  equivalent  increment  of  temperature 
to  include  the  effect.  To  illustrate  the  procedures  used  in 
deriving  an  equivalent  increment  of  temperature  for  the  cure 
shrinkage  factor,  Figure  4  has  been  prepared.  It  is  a  plot 
of  thermal  coefficient  of  linear  expansion  versus  increments  of 
temperature  for  lines  of  constant  shrinkage  factors. 

Unfortunately,  the  value  of  the  cure  shrinkage  factor 
that  should  be  used  in  this  stress  analysis  is  difficult  to 
determine.  In  general,  if  a  value  of  0.002  in3/in3  is  selected 
for  the  Thiokol  H  series  propellant,  it  will  be  found  that  the 
bore  strains  calculated  at  cure  temperature  will  be  very  close 
to  those  measured^)  .  Although  the  values  determined  per 
laboratory  specimen  may  range  as  high  as  0.008  in3/in3  after 
gelation  occurs,  these  are  unrealistic  with  respect  to  motor 
values.  Therefore  a  value  double  the  normal  calculated  one  will 
be  used;  l.e.  0.004  in3/in3 .  It  will  be  seen  in  Figure  4  that 
this  results  in  an  incremental  temperature  of  22°F. 

(1)  Nelson,  J.M.,  Special  Report  Improvement  of  the  Elastic 
Analysis  Method  of  Predicting  Low  Temperature  Operational 
Capability  of  Solid  Propellant  Motors  (u)  Thiokol  Chemical 
Corporation  -  Alpha  Division  -  Huntsville  Plant,  27  November  1963 
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To  perform  the  pressure  stress  analysis  requires 
determination  of  propellant  properties  analogous  to  the  above 
discussion.  However,  the  parameter  of  prime  Interest  in 
pressure  studies  is  the  short  term  relaxation  modulus.  By 
combining  experimental  stress  relaxation  data  and  the  calculated 
ignition  transient  time  trace,  it  is  possible  to  develop  a 
viscoelastic  stress  analysis  (1> .  It  has  been  found,  however, 
that  a  relatively  simple  procedure  can  be  used  which  will 
result  in  calculated  bore  strains  slightly  greater  than  those 
of  the  viscoelastic  ones.  The  ignition  transient  time  is  used 
to  determine  a  value  of  the  stress  relaxation  modulus.  The  value 
used  in  this  study  is  1000  psi. 

III.  Stress  Analysis  Results 

The  primary  purpose  of  stress  analyzing  the  TU-393 
propellant  grain  is  to  ascertain  the  difference  between 
induced  grain  stresses  and  strains  and  the  propellant  capability 
(i.e.  failure  criteria). 

A  multitude  of  propellant  failure  criteria  currently  exist 

within  the  solid  propellant  rocket  industry,  however,  Thiokol 

has  found  that  the  Smith  failure  boundary  is  the  most  universally 

useful  for  all  grain  loading  conditions.  Extensive  experimentation 

has  been  conducted  for  the  cure  and  thermal  shrinkage  loads,  and 

itjias  been  unequivocally  demonstrated  that  the  failure  boundary 

(1)  Schapery ,  R.A.  Irreversible  Thermodynamics  and  Variational 
Principles  with  Applications  to  Viscoelasticity,  PHD  Thesis 
California  Institute  of  Technology,  1962 
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established  by  uniaxial  tensile  tests  relistically  establishes  the  failure 
limits  of  the  multiaxial  motor  configuration.  The  failure  boundary  is  com¬ 
posed  of  the  following  data  points  obtained  from  uniaxial  tensile  specimens: 
corrected  maximum  stress  versus  true  strain  at  corrected  maximum  stress. 
These  data  are  obtained  at  various  test  strain  rates  and  temperatures.  The 
resulting  stress-strain  curve  is  then  modified  so  that  the  stress  ordinate 
becomes  the  deviatoric  stress  from  the  uniaxial  test  (uniaxial  deviation  stress 
equals  two-thirds  the  maximum  principle  stress).  Numerous  Thiokol  pro¬ 
pellants  have  been  subjected  to  such  testing,  and  in  no  instance  has  super¬ 
position  of  multiaxial  motor  or  specimen  data  resulted  in  decreased  propellant 
capability.  Indeed,  for  the  pressure  induced  motor  grain  strains  it  has  been 
found  that  the  hydrostatic  conditions  improve  propellant  capability  if  the 
propellant  exhibits  such  improvement  under  pressurized  uniaxial  tests. 

Thus,  the  only  adjustment  to  the  failure  boundary  necessary  for  pressure 
loading  is  also  obtainable  from  uniaxial  tests. 

It  would  appear  that  the  propellant  capability  is  directly  related  to 
the  stress  imposed,  but  at  high  strain  and  low  stress  (resulting  from  time  at 
load),  the  strain  is  nearly  independent  of  stress.  Figure  5  illustrates  this 
point,  wherein  it  is  a  failure  boundary  for  a  high  solids  HC  propellant. 

Prior  to  the  efforts  described  above,  many  analog  motor  experiments  were 
performed  and  it  was  found  that  motor  failure  strain  exceeded  the  strain 
at  corrected  maximum  stress  of  routine  (2  in/min.  crosshead  rate)  JANAF 
data.  Although  this  seems  contrary  to  the  Smith  failure  boundary  work,  it  is 
not.  The  analog  motor  data  will  lie  on  that  portion  of  the  boundary  that  is 
basically  independent  of  stress. 
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Strain  at  Maximum  Stress 


Figure  5.  Typical  Failure  Boundary  for  High  Solids  HC  Propellant 
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The  cure  and  thermal  shrinkage  and  1  g  slump  failure 
criteria  selected  for  this  effort  will  be  strain  at  uncorrected 
maximum  stress  from  JANAF  data.  Note  that  conservatism  has  been 
interjected  in  that  strain  at  uncorrected  maximum  stress  is 
always  less  than  that  at  corrected  maximum  stress.  Note  that  if 
the  correct  effective  gauge  length  is  used  on  the  JANAF  data, 
there  will  be  no  change  between  measured  and  calculated  data. 

Extensive  propellant-liner  bond  testing  has  indicated  that 
the  failure  is  a  propellant  cohesive  failure.  Consequently, 
the  "bond"  strength  is  that  of  the  propellant.  Traditionally, 
bond  capability  has  been  oriented  towards  stress  considerations 
rather  than  strain.  Thiokol,  however,  is  currently  investigating 
bond  capabilities  more  generally.  Since  these  efforts  are 
inconclusive  to  date,  it  is  necessary  to  assume  that  stress 
failure  criteria  applies.  The  specimen  used  to  measure  bond 
properties  is  rectangular  where  the  propellant  size  is  2  x  3  x  J 
inches.  The  testing  device  is  such  that  pure  tension  or  pure 
shear  can  be  applied  as  well  as  combinations  of  each.  Obviously, 
a  specimen  of  this  size  will  reflect  biaxial  or  trlaxial  properties, 
but  these  have  not  been  evaluated  as  yet.  The  normal  test 
cross-head  rate  for  the  tenshear  specimen  is  0.5  in/mln,  however, 
it  has  been  tested  at  other  rates.  In  all  cases  the  tensile 
bond  stress  slightly  exceeds  the  maximum  tensile  stress  capability 
as  determined  by  JANAF  uniaxial  tests.  Therefore,  the  bond  stress 
failure  criteria  will  be  based  on  the  maximum  stress  capability 
of  the  propellant  as  obtained  from  low  rate  JANAF  tests. 
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The  pressure  induced  strains  of  this  motor  appear  large  due  to 
the  conservatives  applied  in  the  analysis.  Although  it  has  not  been  com¬ 
pletely  explored  as  yet,  it  would  appear  that  two  or  three  methods  of 
applying  pressurized  grain  stress-strain  values  to  the  Smith  Failure 
Boundary  could  be  used.  First,  the  mean  deviatoric  stress;  second,  maxi¬ 
mum  principal  stress  magnitude;  and  third,  the  maximum  difference  of 
principal  stresses  all  versus  maximum  induced  strain.  Since  any  one  of 
these  (ignoring  sign  convention)  will  occur  in  the  same  general  region  as 
the  cure  and  thermal  shrinkage  strains  for  this  motor,  the  pressure  strains 
will  merely  be  added  to  the  cure  and  thermal  strains. 

Finally,  one  further  conservatism  will  be  included  in  the  results. 
Arbitrarily,  all  propellant  capability  limits  will  be  divided  by  1.5.  The  primary 
justification  for  this  is  to  account  for  batch  to  batch  variation,  variation  in 
post  cure,  and  effective  gauge  length  variation.  It  has  been  inferred  by 
some  individuals  in  the  solid  propellant  industry  that  a  biaxial  degradation 
must  be  included  in  the  stress  analysis.  Since  Thiokol  has  not  been  able  to 
substantiate  a  biaxail  decay  with  their  propellants,  it  is  ignored. 

The  results  ol  this  stress  analysis  with  regard  to  the  two  loading 
conditions  studied  can  best  be  presented  graphically.  Figure  6  is  a  sketch 
of  the  original  grain  shape  with  the  deformation  due  to  cure  and  thermal 
shrinkage  and  1  g  slump  at  80*F.  The  deformations  are  emphasized  to 
more  clearly  delineate  their  true  shape,  and  it  will  be  found  that  their 
scale  factor  is  larger  than  the  motor  sketch,  as  noted  in  the  Figure. 
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TU-393  Cure  and  Thermal  Shrinkage  with  lg  Slump  (Stress  Analysis  Sketch) 
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The  maximum  bore  deformation  occurs  slightly  aft  of  the  center  of  the 
grain  and  at  this  point  the  maximum  strain  is  4.  0  percent.  Since  the 
propellant  capability  far  exceeds  this  level  of  strain,  there  is  obviously 
no  significant  strain  problem  in  this  motor  design.  Therefore,  it  becomes 
neressary  to  investigate  the  bond  stresses  of  the  motor  due  to  cure, 
thermal,  and  gravity  loads  to  ascertain  any  deleterious  conditions  that 
may  arise.  Figures  7,  8,  9,  and  10,  respectively,  present  the  radial, 

axial,  shear,  and  tangential  stress  distributions  as  a  function  of  the  axial 
location  in  the  motor.  As  can  be  seen,  the  only  large  stresses  occur  at 
the  grain  end,  and  these  are  still  less  than  propellant  capability,  even 
when  one  considers  the  increase, as  shown  in  Figure  2.  The  maximum 
tensile  stress  will  be  found  in  Figure  10  and  it  is  13.8  psi,  which  will 
increase  to  17.8  psi  when  modified  according  to  Figure  2.  The  maximum 
shear  stress  is  found  in  Figure  9  and  it  is  1.  25  psi. 

The  pressure  induced  deformations  are  presented  in  Figure  11, 
noting  again  the  deformation  scale-up  in  the  sketch.  The  maximum  bore 
strain  is  14.96  percent,  which  when  combined  with  the  above  strains 
results  in  a  total  of  approximately  19  percent. 
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Stress  vs  Axial  Location 


Figure  1).  Shear  vs  Axial  Location,  TU-3‘J.'l  with  Flaps 


Figure  10.  Tangential  Stress  vs  Axial  Location 


Figure  11.  TU-393  Pressure  Deformed  CP  Grain  Stress  Analysis  Sketch  (550  psi) 


IV. 


Conclusions. 


As  was  shown  in  the  preceeding  section,  there  are  no  deleterious 
stresses  or  strains  in  the  TU-393  motor.  To  further  portray  the  intrinsic 
reliability  of  this  grain  design,  Table  I  has  been  prepared,  relating  the 
effective  margins  of  safety;  a  comparison  between  the  induced  conditions 
and  a  very  conservative  estimate  of  the  propellant  capability.  Based 
upon  these  results,  one  must  conclude  that  there  will  be  no  structural 
integrity  problems  with  this  motor. 
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ATTACHMENT  A 

Stress  Analysis  of  TU-393  Secondary  Grain 

The  secondary  grain  of  the  TU-393  motor  consists  of  a  long 
cantilevered  hollow  cylinder  of  propellant,  reference  Figure  1A. 

The  cure  and  thermal  shrinkage  and  subsequent  pressurization  loads 
are  insignificant.  The  body  is  essentially  only  effected  at 
the  bond  interface  by  the  former  load  and  the  latter  load  will 
be  pure  hydrostatic  compression.  However,  the  stresses  and 
deformations  due  to  the  cantilever  effect  when  the  motor  is  horizontal 
must  be  carefully  examined; 

The  exact  grain  geometry  as  shown  in  the  figure  is  not  rigorously 
tractable,  therefore  certain  simplifying  assumptions  must  be  made.  The 
approach  was  as  follows: 

The  triangular  areas  in  the  figure  were  distributed  over 
the  full  body  length  as  concentric  layers  of  material.  Thus,  the 
problem  analyzed  was  a  right  circular  cylinder  43.5"  long  with 
O.D.  and  I .D.  of  31.55"  and  14 .  7"  respectively. 

The  applicable  equations  are  as  follows: 

1)  Tip  deflection  at  free  end, 


2)  Shear  stress,  -  2p  L 

z 


3) 


Tensile  stress, 


o 


z 


2r  I,2  R0 

- 5 - 5~ 

(R0  +  R,) 


where  : 

3 

p  -  Propellant  density,  lb/in  ,  0.064 
I,  -  Grain  Length  inches,  43.5 
R0  -  Grain  O.R.  inches,  25.75" 

Rj  =  Grain  l.R,  inches,  7.35 

F  -  Relaxation  modulus  at  equilibrium  conditions, 
estimated  range  from  75  to  225  psi. 

Based  on  the  equations  2  and  3  the  maximum  stresses  are  5.6 
and  8.7  psi  respectively,  either  of  which  is  well  within  the  limits 
of  propellant  capability.  The  tip  deflection  range  is  6.96  to 
2.33  for  the  range  of  equilibrium  modulus.  Obviously,  the  former 
an  undesirable  condition.  One  method  of  preventing  this  slumpage 
would  be  to  pot  the  forward  10  inches  of  the  primary-secondary  gap 
with  liner  or  flap-gap  filler.  This  effectivity  shortens  the  canti¬ 
lever  length  resulting  in  a  maximum  slump  of  only  3.32  inches.  Another 
method  would  be  to  determine  the  bottom  of  the  motor  with  respect  to 
horizontal  storage,  and  then  insert  a  small  saddle  of  foam  between  the 


grains  . 


Although  the  analysis  used  is  quite  conservative,  it  would  appear 
advantageous  to  assure  that  contact  between  the  grains  is  positively 
prevented.  Therefore,  it  is  recommended  that  one  of  the  procedures 
described  above  be  used.  Note  also  that  in  preventing  the  slump 
the  shear  and  tensile  stresses  are  reduced. 


V-28 


Figure  1A.  Sketch  of  TU-393  Secondary  Propellant  Grain 
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ATTACHMENT  B 

ADDITIONAL  TU-393  STRESS  ANALYSIS  EFFORTS 

Sim  e  the  TU-393  stress  analysis  studies  wore  completed,  an 
advanced  version  of  the  computer  program  described  above  has  been  put 
into  operation.  A  change  in  the  formulation  of  the  equations  governing  the 
thermal  and  mechanical  response  of  the  isotropic,  and  linearly  elastic 
continuum  has  removed  the  singularity  associated  with  an  incompressible 
material,  i.e.,  0  =  0.5.  This  change  in  the  finite  element  analysis 
permits  more  realistic  values  of  Poisson's  ratio  to  be  used  and  results  in  tin 
ability  to  obtain  excellent  resolution  of  the  stress  fields.  Also  included  in 
the  new  program  is  the  ability  of  considering  the  effect  of  an  elastic  c  ase 
bonded  to  the  propellant  grain.  This  eliminates  much  of  the  manual  input 
in  the  form  of  displacement  boundary  conditions  to  the  computer  program 
and  provides  a  solution  to  the  existent  situation. 

Using  the  new  program,  the  TU-393  grain  was  analyzed  for  stresses 
and  strains  induced  by  cure,  thermal,  slump,  and  pressurization  loads.  It 
should  be  noted  that  an  alteration  has  been  made  in  the  split  flaps  at  both 
ends  of  the  grain  since  the  original  grain  analysis  was  performed.  This 
modification  entails  much  longer  split  flaps  than  were  previously  con¬ 
sidered.  Also,  the  longer  split  flaps  will  remain  unfilled  after  cure  and 
motor  cooldown. 

It  is  obvious  that  the  increase  in  flap  length  will  decrease  the  bore 
hoop  strains  induced  by  cure  and  thermal  shrinkage.  By  keeping  the  split 
flaps  unfilled  during  motor  firing  or  internal  pressurization,  the  bore  hoop 
strains  will  be  reduced;  equally  important,  the  stresses  induced  by  the 
pressurization  load  will  approach  isotropic  compression,  thereby 
decreasing  the  deviatoric  stress  components. 


Since  a  considerable  amount  of  the  main  body  of  this  report  concerns 
lailure  criteria  and  propellant  stre  s  s  -  strain  capability,  these  items  will 
not  be  repeated  here  and  the  data  will  be  presented  in  a  rather  matter-of- 
lact  manner.  A  sketch  of  the  deformed  grain  resulting  from  cure  and 
thermal  shrinkage  is  shown  in  Figure  1-B.  Note  the  exaggeration  in  the 
deformation  scale  with  reference  to  the  grain  size.  Figure  2-B  is  a 
similar  presentation  of  grain  deformation  under  internal  pressurization 
with  the  unfilled  split  flaps.  The  printed  results  from  the  computer  were 
carefully  examined  and  the  maximum  stresses  and  strains  induced  in  the 
TU-393  grain  during  the  two  specific  loading  situations  are  compared  to  a 
conservative  value  of  propellant  stress /strain  capability  in  Table  1-B. 

As  is  shown  in  Table  1-B,  the  smallest  margin  of  safety  is  3.22 
and  is  related  to  the  bore  hoop  strain  which  occurs  upon  internal  pressuri¬ 
zation  of  the  motor.  Sufficient  margins  of  safely  are  indicated  to  assure 
total  grain  structural  integrity  under  the  loading  conditions  of  cure  and 
thermal  shrinkage,  slump,  and  internal  pressurization. 
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Figure  IB.  TU-393  Deformed  Grain  Curve,  Thermal  and  1-G  Axial  Acceleration 
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TABLE 
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MARGIN  OF  SAFETY  FOR  TU-393  LOADING  CONDITIONS 
(Longer  Split  Flats;  Poisson's  Ratio  =  0.5) 


Conditions 

Maximum  Induced 

Tensile  Stress 

or  Strain 

* 

Capability 

Margin 
of  Safety 

80°F  plus 
lg  Slump 

15.37  psi 

90  psi 

5.86 

0.  0307  in/in 

0.22  in  /in 

7.  17 

80°F 
lg  Slump 

and  450  psi  Pressure 

0.  0683  in/in 

0.  22  in/in 

3.  22 

*Note  that  propellant  capability  has  been  reduced  by  a  factor  of  1.5  . 
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SECTION  I 
PURPOSE 


Tlu;  LITVC  integrated  system  tests  were  conducted  to  verily 
tin  design  of  the  system  and  to  insure  satisfactory  system 
performance'  prior  to  installation  on  the  1  fi (5  —  7  motor.  Th<>  j.ri'  ary 
L o t  objectives  were  to  evaluate  the  system  slew  rate,  phase  j  a*j  , 
response  to  sinusoidal  inputs,  water  hammer  effects,  and  overall 
performance.  A  secondary  objective  was  to  determine  the  effects 
•>l  an  induced  pressurization  subsystem  failur.  and  hydraulic  po*er 
supply  failure. 
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SECTION  II 
INTRODUCTION 


The  integrated  system  tests  were  conducted  from  15  thru  28 
March  1966,  in  the  Wasatch  Division  Test  Bay  T-24.  /.  total  of 

eight  test  runs  were  conducted,  using  the  motor  duty  cycle  for 
three  runs  and  special  duty  cycles  for  five  runs  to  evaluate 
response  to  step  input  commands,  sinusoidal  input  commands,  sim¬ 
ulated  failures,  and  to  evaluate  overall  performance.  Tests 
were  performed  in  accordance  with  test  requirements  document 
TWR-1G11,  Rev.  B.  Freon  11  the  density  of  which  is  approximately 
the  same  as  N2O4 ,  was  employed  as  an  injectant  in  lieu  of  NoO,i 
for  safety.  The  system  was  fully  instrumented  with  pressure 
flow,  temperature,  strain,  voltage,  and  accelerometer  sensors 
located  to  determine  performance.  Refer  to  Figure  1  dash  01 
configuration  for  details  on  instrumentation. 
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SECTION  III 


SYSTEM  DESCRIPTION 


The  test  configuration  for  the  integrated  system  tests  was 
identical  to  the  one  that  will  be  'sod  for  the  156-7  motor  static 
test.  See  Figures  2  and  3.  The  plumbing,  components  and  mounting 
bracketry  were  the  same  as  will  be  installed  in  the  motor.  The 
system  was  installed  on  a  simulated  nozzle  fixture  that  had  been 
designed  and  labricated  to  the  same  dimensions  and  tolerances  as 
the  motor  nozzle.  This  same  fixture  also  served  as  a  catch  tank 
to  contain  the  fluid  from  the  injectors.  The  fluid  was  then  routed 
to  a  storage  tank  where  it  was  transferred  through  a  filter  back 
into  the  injectant  tank  under  approximately  10  psig  pressure  in 
preparation  for  the  next  test  run.  The  test  fixture  was  positioned 
in  the  test  bay  in  a  centerline  horizontal  attitude  to  simulate  the 
motor  static  firing  attitude. 

The  TVC  system  for  the  156-7  motor  is  a  flight  type  liquid 
injection  system  utilizing  nitrogen  tetroxide  as  the  injectant. 

See  Figure  4.  The  system  consists  of  four  suusystems;  injectant, 
pressurization,  hydraulic  and  electrical. 

Side  thrust  is  produced  by  expelling  the  injectant  into  the 
nozzle  exhaust  stream  at  approximately  a  13,1  to  1  expansion  ratio 
through  four  equally  spaced  servoinjector  valves.  Each  injector 
valve  is  a  three  pintle  individually  electrohydraulical ly  operated 
valve  that  modulates  to  the  commands  from  a  predetermined  duty 
cycle.  Maximum  flow  rate  is  50.5  lb/sec  per  injector. 

Deflection  angles  up  to  two  degrees  can  be  obtained  in  any 
plane  by  controlling  any  two  adjacent  injector  valves  at  the  same 
time.  A  toroidal  manifold  feeds  N2O4  to  each  injector  valve  from 
a  pressurized  spherical  N2O4  storage  tank  mounted  on  the  side  of 
the  nozzle. 

The  N2C>4  tank,  made  of  18  percent  maraging  steel,  contains 
a  butyl  rubber  expulsion  bladder  and  a  standpipe  to  prevent  the 
bladder  from  collapsing  and  trapping  fluid.  Efficiency  of  the 
expulsion  system  exceeds  98  percent  as  proven  by  prior  expulsion 
tests.  Fluid  is  contained  in  the  bladder  interior  and  expelled 
by  a  nominal  850  psig  nitrogen  pressure  from  the  pressurization 
system.  A  0.25  inch  vent  line  running  through  the  standpipe  to 
the  top  of  the  tank  facilitates  tank  filling.  The  tank  is  filled 
by  first  expanding  the  bladder  (by  drawing  a  vacuum  between  the 
tank  and  bladder)  and  introducing  fluid  through  the  fill  quick 
disconnect  under  approximately  10  psig  pressure.  A  flowmeter  is 
installed  between  the  tank  and  manifold  to  monitor  the  „otal  flow 
rate  used  during  the  duty  cycle.  Burst  discs  are  installed  immed¬ 
iately  upstream  of  each  injector  valve  to  provide  positive  sealing 
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and  prevent  N2O4  leakage  into  the  nozzle  prior  to  pressurization 
of  the  system. 

The  pressurization  system  consists  of  a  3,000  psig  gaseous 
nitrogen  spherical  storage  tank  mounted  on  the  nozzle  opposite 
the  N2O4  tank,  and  a  dual  pressure  regulating  system.  An 
initiator  solenoid  valve  is  installed  in  the  line  between  the 
nitrogen  tank  and  the  dual  regulation  system.  This  is  a  normally 
closed  valve  which  is  opened  at  T  minus  40  sec  in  the  countdown. 
Opening  of  the  initiator  valve  is  delayed  as  long  as  practical  to 
prevent  the  system  from  being  pressurized,  rupturing  the  burst 
disc  and  exposing  the  nozzle  to  N204  leakage  from  the  injectors. 
From  the  initiator  valve,  the  one  inch  0D  pressurization  line 
separates  and  each  line  is  routed  to  a  normally  open  solenoid 
valve  thru  a  set  of  pressure  regulators  and  a  pressure  switch 
and  then  the  two  lines  are  tied  together  and  routed  to  the  N0O4 
tank.  Redundant  regulation  is  provided  in  the  event  that  either 
regulator  fails  open  or  closed.  The  pressure  switch  will  sense 
an  overpressure  condition  (1,000  psi)  and  close  the  upstream 
normally  open  solenoid  valve,  stopping  flow  to  the  malfunctioning 
regulator.  A  motorized  switch  for  each  pressure  switch  is  incor¬ 
porated  to  keep  the  solenoid  valve  closed  once  it  has  received  a 
signal  to  close.  The  regulators  are  set  to  deliver  an  850  psig 
nitrogen  pressure  to  the  N204  tank. 

The  nitrogen  tank  is  made  of  titanium  and  is  filled  remotely 
through  a  test  facility  regulation  and  plumbing  system  from  6.000 
psi  nitrogen  bottles.  A  3,450  psig  relief  valve  is  mounted  on  the 
tank  to  protect  the  tank  from  overpressurization. 


Hydraulic  pressure  to  operate  the  injector  valves  is  supplied 
from  an  electric  motor  driven  hydraulic  pump  through  a  supply  and 
return  line  manifold  going  to  each  injector.  Supply  pressure  is 
psig  utilizing  WIL-H-5606  hydraulic  oil  with  a  return  pressure 
of  approximately  100  psig.  Electrical  power  to  the  pump  motor  is 
supplied  from  a  ground  power  source.  On  a  flight  motor,  power 
would  be  supplied  from  a  motor  mounted  battery.  A  battery  bracket 
is  installed  on  the  nozzle  but  is  not  used  for  the  static  test. 

A  hydraulic  relief  valve  is  provided  between  the  supply  and  return 
lines  in  case  the  pump  compensator  fails,  causing  an  overpressure 
condition.  A  10  micron  filter  is  provided  in  the  supply  line  to 
prevent  hydraulic  system  contamination. 

The  electrical  system  provides  control  of  the  overall  LITVC 
system  including  control  of  the  solenoid  valves,  the  hydraulic 
power  supply  unit,  the  servocontrol  unit,  and  the  injector  valves. 
The  main  component  in  the  electrical  system  is  the  servocontrol 
unit.  This  unit  takes  the  input  signals  from  the  guidance  system, 
in  this  case  the  ground  test  signal  programmer  located  in  central 
control,  and  converts  them  to  the  appropriate  signals  for  control n 
the  injector  valves.  Power  to  operate  the  servocontrol  unit  is 
provided  by  the  test  facility  power  source. 
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SECTION  IV 


GENERAL  RESULTS 


The  integrated  system  test  results  showed  that  the  system 
will  perform  satisfactorily.  In  general,  actual  system  performance 
during  all  runs  closely  approximated  the  predicted  performance. 

All  test  objectives  were  satisfactorily  met  despite  minor 
difficulties  with  the  expulsion  bladder  rupturing  and  leaky 
fittings  in  the  injectant  system.  The  bladder  failures  did  not 
appear  to  afiect  system  performance.  The  hydraulic  and  pressur¬ 
ization  systems  performed  exceptionally  well;  no  difficulties 
w'  atsoever  were  experienced. 

Th  system  exhibited  underdamping  tendencies  which  caused 
a  slight  peaking  of  pintle  travel  during  the  2.5  cps  duty  cycle 
events.  Underdamping  also  caused  approximately  four  oscillations 
before  steady  state  was  reached  during  the  hold  events.  However, 
steady  state  was  achieved  in  less  than  1/3  second,  and  the  under¬ 
damped  system  did  not  have  any  apparent  affect  on  system  performance. 
Slew  rates  were  slightly  faster  than  predicted  for  the  2.5  cps  cycles. 
The  slew  rate  was  26  deg/sec  versus  a  design  rate  of  20  deg/sec . 

Slew  rates  were  up  to  49  deg/sec  for  hold  events.  Phase  lag  was  18 
degrees.  Steady  state  error  for  the  two  degree  hold  event  beginning 
at  7.5  sec  was  less  than  0.01  deg  in  terms  of  pintle  travel.  Hold 
and  2.5  cps  cycling  event  outputs  were  within  two  percent  of  inputs 
based  on  full  travel  of  the  pintle.  Pintle  travel  in  response  to 
sinusoidal  wave  outputs  were  2.5  percent  greater  than  the  inputs  for 
the  2.5  cps  events. 

Results  of  the  overpressurization  simulated  failure  tests 
indicated  that  either  of  the  dual  regulation  systems  will  operate 
properly  and  provide  adequate  pressure  if  the  other  system  were  to 
fail.  The  pressure  sensing  and  shutoff  safety  feature  operated 
as  predicted. 
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SECTION  V 

DISCUSSION  OF  RESULTS 


Each  test  run  was  designed  to  evaluate  specific  equipment 
performance  of  the  system  and  to  evaluate  the  overall  integrated 
system  performance.  All  runs  were  conducted  using  predetermined 
duty  cycles  as  shown  in  Figures  5,  22,  26,  31  and  36.  Command 
signals  for  the  duty  cycle  events  were  fed  through  the  test  facility 
programmer  and  then  to  the  servo  control  unit  where  they  were  resolved 
and  sent  to  the  appropriate  pitch  or  yaw  injector  valves. 


Test  runs  were  performed  in  the  following  sequence: 


Run  No. 

Date 

Ambient  Temperature 

1 

15 

March 

1966 

57 

2 

17 

March 

1966 

44 

4 

18 

March 

1966 

52 

5 

21 

March 

1966 

50 

6 

23 

March 

1966 

54 

7 

24 

March 

1966 

62 

3 

25 

March 

1966 

57 

8 

28 

March 

1966 

77 

(°F) 


A.  BLADDER 

In  preparation  for  each  run,  a  prescribed  quantity  of  Freon 
11  was  drained  from  the  injectant  tank  by  applying  20  psig  pressure 
at  the  nitrogen  vent  disconnect  and  opening  the  fill  line  disconnect 
for  Run  No.  1.  The  draining  operation  for  subsequent  runs  was  10 
psig.  After  the  draining  operation  was  completed  and  pressure 
reduced  to  zero,  fluid  was  observed  coming  from  the  No  vent  line 
indicating  a  bladder  failure.  Subsequent  to  Run  No.  1,  the  tank  was 
opened  and  the  bladder  found  to  be  ripped  on  the  nipple  end.  The 
split  apparently  originated  at  the  tip  end  of  the  nipple  where  the 
standpipe  fits  in  the  socket  of  the  deflector  plate,  and  apparently 
occurred  during  the  draining  operation.  A  new  bladder  was  installed 
and  the  tank  reconnected  for  the  next  run.  Bladder  failure  did  not 
appear  to  affect  the  performance  of  the  system. 

During  the  countdown  for  Run  No.  2,  the  automatic  countdown 
system  aborted  at  T  minus  3  seconds.  Since  pressurization  of  the 
system  was  made  at  T  minus  15  seconds,  the  system  had  to  be 
depressurized  and  recharged.  After  depressurization,  fluid  again 
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fan  out  of  the  nitrogen  vent  line,  indicating  bladder  rupture. 
Examination  of  the  bladder  after  the  test  run  showed  that  the 
bladder  bad  failed  at  the  same  place  as  the  one  used  for  run  N»<.  I  . 
Performance  apparently  was  not  affected  by  the  bladder  rupture. 

The  remaining  four  new  bladders  in  stock  were  returned  to  i h 
vendor  for  rework.  A  five  inch  diameter  reinforcement  made  of 
Dacron  mesh  was  added  in  the  nipple  area.  The  reinforcement  was 
sandwiched  between  the  original  bladder  and  a  six  inch  diameter 
butyl  rubber  patch.  A  reworked  bladder  was  j  ustal led  for  run  No.  ( 
'•ill  no  leakage  indicated  after  the  run.  Run  No.  G  bladder  was 
i-  isod  for  run  No.  7.  After  run  No. 7,  the  bladder  had  a  0.25 
likIi  long  tear  at  the  neck.  This  type  oi  failure  is  not  considered 
significant  since  all  or  majority  of  the  injectant  is  expelled 
before  the  folds  enter  the  neck  area  and  put  stress  on  the  bladder 
neck  . 

During  next  run,  No.  5,  no  bladder  failure  was  noted  except 
that  1/8  inch  diameter  holes  were  punched  in  the  bladder  alter 
all  fluid  bad  been  expelled.  Holes  in  the  standpipe  are  1/8 
i  ncli  diameter.  This  type  of  failure  was  as  predicted  because  .die  n 
all  fluid  is  expelled,  the  bladder  receives  the  full  850 
psig  differential.  Prior  bench  tests  simulating  the  standpipe 
indicated  that  the  bladder  can  withstand  approximately  650  psig 
before  rupture. 

During  the  last  run,  No.  8,  the  bladder  failed  in  the  nipple 
area  and  around  the  neck.  However,  the  split  did  not  propagate 
outside  the  reinforcement  area.  After  rework  of  th  is  bladder,  the 
reinforcement  had  several  large  air  bubbles  between  the  layers 
of  rubber  which  apparently  contributed  to  the  failure. 

Below  is  a  summary  of  bladder  performance  during  the  integral  (si 
system  tests. 


i  No . 

Configuration 

Performance 

1 

New 

bladder 

Failed  in  nipple  area 

2 

New 

bladder 

Failed  in  nipple  area 

1 

No 

bladder 

5 

No 

bladder  (a  deviation 

from  test  plan) 

6 

New 

reworked  bladder 

No  failure 

7 

Run 

No.  6  bladder  reused 

Failed  at  neck 

3 

New 

reworked  bladder 

Punched  1/8  inch  diameter 
holes  as  predicted 

8 

New 

reworked  bladder 

Failed  in  nipple  area 
and  neck 
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Bladder  failure  apparently  docs  not  affect  performance  of  the 
system  since  all  injectant  apparently  was  expelled  when  the  duty 
cycle  requires  complete  expulsion,  and  no  indication  of  flow 
interruption  was  seen  on  any  of  the  data  traces.  Two  new  bladders 
are  being  fabricated  for  the  motor  test  with  a  fiberglass  mesh 
reinforcement  which  will  provide  greater  strength  in  the  nipple  area 
chan  the  Dacron  reinforcement  used  for  the  integrated  system  tests. 

In  addition,  the  rubber  reinforcement  will  be  cured  as  an  integral 
part  of  the  main  body  of  the  bladder,  giving  a  superior  bond  to  hold 
the  reinforcement  in  place.  Ruptures  in  the  neck  area  are  not  con¬ 
sidered  to  be  significant  for  the  motor  static  test.  These  failures 
obviously  occur  at  the  end  of  the  expulsion  because,  upon  examination 
of  the  fully  collapsed  bladder  after  the  standpipe  is  removed,  several 
folds  were  seen  terminating  at  the  neck  in  the  area  where  the  tears 
were  located.  Bladder  failure  is  not  anticipated  during  the  motor 
static  test. 

B.  LEAKAGE 

Some  leakage  was  encountered  in  the  injectant  subsystem  lines 
during  the  first  five  test  runs.  Major  points  of  leakage  were  in 
the  2.5-inch  line  connections  and  two  2-inch  hose  connections. 

Leakage  rates  varied  from  drops  to  spurting  of  the  fluid.  These 
leaks  were  essentially  stopped  by  using  Teflon  tape  on  the  flared 
fittings  and  increasing  the  torque  on  the  connections.  Conical 
aluminum  seals  were  tried  with  no  success.  During  the  last  two  runs 
(No.  3  and  No.  8),  no  leaks  were  encountered.  All  2.5-inch  lines 
were  fabricated  from  welded  304  stainless  steel  tubing  per  Specifi¬ 
cation  MIL-T-6845.  Both  seamless  and  welded  tubing  meet  this  specifi¬ 
cation.  The  welded  tubing  appeared  to  be  the  main  cause  of  the  leaks. 
Seamless  tubing  will  be  used  for  the  motor  static  test. 

C.  SERVO  CONTROL  UNIT  ADJUSTMENT 

Prior  to  the  initial  test  run,  the  servo  control  unit  gain, 
null  bias,  and  range  of  travel  settings  were  adjusted  by  removing 
the  servo  injector  valves  from  the  test  fixture  and  measuring 
pintle  travel  with  a  dial  indicator  while  feeding  null  and  full 
travel  commands  to  the  SCU. 

The  servo  amplifier  gain  setting  had  to  be  reduced  from  9.0 
max/volt  to  approximately  4.5  max/volt  when  referred  to  the  followup 
to  achieve  stability.  A  closed  loop  frequency  response  test  indi¬ 
cated  performance  requirements  would  be  met  with  these  gain 
settings  during  the  integrated  system  testing.  The  bias  and  range 
settings  appeared  to  remain  stable  throughout  the  testing  period. 
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D.  DISCUSSION  OF  COMMON  DATA 

In  general,  the  system  performance  during  all  runs  appeared 
to  be  approximately  as  predicted.  The  hydraulic  system  and  the 
pressurization  system  performed  exceptionally  well  without  difficulty 
Temperature  rise  of  the  nitrogen  tank  during  filling  varied  from  5-1° 
to  81  F  for  all  runs  with  approximately  15  minutes  required  to  charge 
the  tank.  Table  1  shows  the  temperature  rise  for  all  runs.  All 
test  objectives  were  met  satisfactorily  although  difficulties  were 
encountered  with  the  bladders  and  leaky  fittings  in  the  injectant. 
system.  Typical  pressurization  system  traces  are  shown  in  Figures 
8  and  41.  Regulation  pressures  were  within  acceptable  limits  lor 

all  runs.  Hydraulic  system  pressures  are  presented  in  Figures  9  - 

thru  11  and  Figures  42  thru  44.  No  abnormal  ties  are  seen  on  these 
traces  which  are  representative  of  all  runs.  Hydraulic  pump  maxi¬ 
mum  run  current  was  119  amperes.  Starting  currents  were  not 
measured  since  the  pump  was  switched  on  approximately  one  minute 
prior  to  starting  the  data  recording  system. 

Strain  data  show  the  maximum  stress  on  the  nitrogen  tank  to 
have  been  43,832  psi .  This  stress  occurred  at  zero  seconds  on  run 
No.  6,  which  corresponds  to  a  tank  pressure  of  2,740  psig.  The 
^2^4  tank  lias  a  maximum  stress  of  80,386  psi  which  occurred  at 
zero  seconds  during  run  No.  2.  Run  No.  2  injectant  tank  pressure 
was  970  psig  when  the  simulated  pressurization  was  initiated.  This 
gives  a  2.5  factor  of  safety  based  on  yield.  Table  II  shows  the 
maximum  stresses  measured  on  the  nitrogen  tank,  injectant  tank,  and 
system  tubing.  These  stresses  are  relatively  low,  with  ample  margins 
of  safety.  The  minimum  factor  of  safety  for  the  tubing  was  2.8  based 
on  yield. 
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TABLE  I 


NITROGEN  TANK  TEMPERATURES 


Run  No. 

Test  Bay  Temperature  (°F) 

N2  Tank 

Before 

Filling 

Temperature  (°F) 
After 
Filling 

1 

57 

65 

122 

2 

44 

54 

116 

4 

52 

56 

112 

5 

50 

55 

109 

6 

54 

54 

117 

7 

62 

62 

120 

3 

57 

53 

124 

8 

77 

60 

141 
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TABLE  II 

MAXIMUM  STRAIN  AND  ACCELERATION  FOR  ALL  RUNS 


Maximum  Strain  Data 


1  tern 

Location 

Time 
( sec) 

Strain 

(micro  in. /in. 

Run 
No  , 

S  t  r  : 

(  Phi  ) 

Nitrogen  Tank 

S604 

0 

1765 

6 

4  5 ,8  52 

In.jectant  Tank 

S601 

0 

2022 

2 

80  . 

2  .  5  in.  OD  Tubing 

S607 

8.8 

562 

J 

]7,o.;. 

1.5  in.  OD  Tubing 

S609 

8.8 

620 

2 

29 , 7(A) 

1  i n .  OD  Tubing 

S612 

0 

557 

5 

17,752 

Vibration  Maximum 

G’s 

i  tern 

Location 

Time 
( sec) 

Max.  G  Run 

No  . 

Nitrogen  Tank 

A601 

8.1 

00 

• 

00 

Inj octant  Tank 

A602 

7.7 

29.7  4 
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E .  DISCUSSION  OF  EACH  TEST  RUN 

The  following  paragraphs  discuss  the  results  of  each  run. 

Only  the  complete  set  of  data  traces  for  runs  No.  1  and  No.  8  are 
included  in  this  report .  Plots  are  included  for  each  of  the  other 
runs  to  present  the  data  showing  that  the  objective  of  the  run  was 
demonstrated  .  The  same  corresponding  curves  as  shown  for  runs  No . 

1  and  No.  8  are  available  at  Thiokol  for  runs  No.  2  thru  No.  7. 

Most  of  these  data  are  repetitious  of  runs  No.  1  and  No.  8,  and 
are  omitted  to  prevent  redundancy  . 

1.  RUN  NO.  1  -  This  run  was  conducted  to  determine  the 
overall  LITVC  system  performance  during  the  initial  96  sec  of  the 
motor  static  firing  duty  cycle.  In  accordance  with  the  test  plan, 

453  cu .  in  of  injectant  were  removed  from  the  tank  after  filling 
to  maximum  capacity.  This  left  more  than  adequate  injectant  for 
the  duty  cycle  to  insure  that  injectant  flowed  through  the  flow¬ 
meter  throughout  the  run.  Damage  to  the  flowmeter  could  be  sus¬ 
tained  if  gas  came  through  the  injectant  system.  The  duty  cycle 
is  illustrated  in  Figure  5.  Results  of  this  run  are  presented  in 
Figures  6  through  20 . 

On  the  first  event,  in  response  to  a  step  signal  of  1.0  deg, 
the  output  was  low  by  0.055  degrees.  Actual  output  was  approximately 
0.945  degrees.  The  input  was  signal  for  0.0409  in.  of  pintle  travel. 
Since  the  accuracy  of  the  data  acquisition  system  is  five  percent, 
travel  can  only  be  relied  on  to  an  accuracy  of  0.0135  in.,  which 
corresponds  to  0  %17  degrees.  This  means  that  the  0.055  degree  error 
lies  well  within  the  accuracy  of  the  recording  system. 

Since  the  system  is  slightly  underdamped,  approximately  four 
oscillations  occur  before  steady  state  is  reached  at  initiation 
of  the  first  event.  The  time  of  first  crossover  occurs  at  0.041 
seconds  after  input,  and  steady  state  is  reached  at  0.310  seconds. 
Oscillations  are  approximately  15  cps .  The  slew  rate  as  obtained 
from  the  digital  data  indicated  a  velocity  of  49.5  deg/sec  at  one 
point  in  the  first  event .  Response  time  for  step  holds  is  faster 
than  expected.  Maximum  slew  rate  for  the  two  degrees,  2.5  cps 
event  at  78  to  79  seconds  was  26  deg/sec . 

The  steady  state  error  in  the  two  degrees  hold  event  at  7.5 
to  9  seconds  was  less  than  0  .01  degrees  when  computed  from  the 
tabulated  data  .  Actually  the  error  is  so  small  it  cannot  be  deter¬ 
mined  accurately  . 


Steady  state  injectant  flow  was  slightly  higher  than  predicted. 
Below  is  a  table  of  actual  flow  rates  vs  predicted  flow  rates. 


TIME  (sec) 

RECORDED  FLOW  (gpm) 

PREDICTED  FLOW  (gp 

5  .0 

86  to  86 

84 

7.5-9  .0 

220  to  225 

217 

42.0 

167  to  170 

165 
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Some  electrical  noise  was  present  in  the  input  and  was  trans¬ 
ferred  to  the  output.  It  can  be  seen  on  the  position  feedback 
plots.  The  noise  only  appears  on  the  plots  when  a  command  is  given. 
The  reason  for  this  is  that  during  a  hold  the  data  are  plotted  at 
ne  point  per  second  while  during  an  event  data  are  plotted  every 
six  milliseconds.  The  noise  probably  is  present  but  is  filtered 
by  the  low  plotting  rate.  This  input  noise  does  not  appear  to  affect 
performance  of  the  system  appreciably. 

2.  HUN  NO.  2  -  This  run  was  conducted  to  determine  performance 
o  ^he  system  with  an  artificially  induced  malfunction  oi  one  side 
o 1  the  dual  pressurization  system.  Malfunction  was  simulated  by 
overpressurizing  the  dome  of  the  main  regulator  from  a  solenoid 
valve  controlled  pressure  source.  The  duty  cycle  was  the  same  as 
used  for  Run  No.  1  (Figure  5). 


Figuie  21  shows  that  the  pressurization  system  will  operate 
on  one  regulator  within  acceptable  limits.  This  test  also’ demon¬ 
strated  that  the  overpressurization  detection  system  senses  the 
overpressure  condition  and  shuts  off  the  N.  0.  solenoid  valve  up- 
stieam  of  the  regulator  as  planned.  The  solenoid  valve  remained 
closed  throughout  the  run  as  anticipated. 


The  overpressure  condition  should  have  been  initiated  at  T 
plus  7  seconds.  However,  the  operator  inadvertently  actuated  the 
overpressurization  control  switch  at  T  minus  7  seconds,  causing 
the  system  to  be  overpressurized  already  at  T  equals  0.  This 
explains  why  the  trace  shows  970  psig  at  the  beginning  of  the  run. 

3.  RUN  NO.  3  -  This  run  was  conducted  to  determine  system 
performance  with  ar.  artificially  induced  malfunction  by  over- 
pi  essurization  of  the  opposite  side  oi  the  dual  pressurization 
system.  Mali  unction  was  simulated  by  the  same  method  as  for 
Run  No.  2.  Duty  cycle  for  this  run  was  the  full  duration  motor 
duty  cycle  as  shown  in  Figure  22. 

This  run  was  made  out  of  sequence  and  after  Run  No.  4;  there¬ 
fore,  a  total  of  1,843  cu.  in.  of  Freon  11  were  drained  from  the 
tank  after  filling.  Run  No.  4  used  the  same  duty  cycle  except 
with  1,728  cu .  in.  of  injectant  were  removed  and  approximately 

21.5  lb.  were  left  in  the  system  after  the  run.  Run  No.  3  was 
conducted  using  less  injectant  in  the  tank  in  an  attempt  to 
determine  the  exact  amount  of  fluid  required  for  the  motor  duty 
cycle.  The  data,  Figure  23,  show  that  all  fluid  was  expelled  at 

97.5  seconds  at  that  point,  pressure  dropped  abruptly. 


Figure  24  shows  the  trace  of  the  reduced  nitrogen  pressure. 

A  spike  can  be  seen  beginning  at  T  plus  7  seconds,  indicating  that 
the  overpressure  malfunction  occurred  as  planned  and  that  the 
system  perlormed  satisfactorily  on  one  side  of  the  dual  pressurization 
system.  Valve  position  indicator  lights  on  the  control  panel  verified 

that  the  N.  0.  solenoid  valve  remained  closed  for  the  remainder  of  the 
run . 
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4.  RUN  NO.  4  -  This  run  was  conducted  to  determine  whether 
the  system  would  function  without  the  injectant  tank  bladder.  The 
bladder  was  removed  and  the  motor  duty  cycle  (Figure  22)  was  used. 

Figure  25  does  not  show  any  excessive  changes  in  pressure 
over  those  of  the  other  runs,  probably  indicating  that  no  gas  was 
flowing  through  the  injectant  system.  Therefore,  the  system 
apparently  functions  properly  without  a  bladder. 

5.  RUN  NO.  5  -  This  run  was  conducted  to  determine  the  system 
response  to  sinusoidal  commands.  The  duty  cycle  for  this  run  is 
shown  in  Figure  26. 

The  response  to  full  scale  sine  wave  inputs  at  2.5  cps  shows 
an  amplification  of  approximately  +0.36  db  for  injectors  No.  1  and 
3,  and  +0.24  db  and  +0.13  db  for  injectors  No.  2  and  4,  respectively. 
The  peaking  at  this  frequency  is  characteristic  of  this  underdamped 
system.  For  a  critically  damped  system,  a  slight  attenuation  would 
be  expected.  Position  feedback  voltages  in  terms  of  pintle  travel 
are  shown  in  Figures  27  thru  30. 

Phase  lag  cannot  be  calculated  accurately  because  of  the 
length  of  the  time  intervals  of  the  recording  devices  (1/156  sec) , 
is  equivalent  to  six  degrees  at  2.5  cps.  From  the  printout  of  the 
digital  data,  the  phase  lag  appears  to  be  less  than  18  degrees  for 
all  injectors. 

6.  RUN  NO.  6  -  The  objective  of  this  run  was  to  determine 
response  to  step  input  commands  and  to  determine  static  position 
error.  The  duty  cycle  is  illustrated  in  Figure  31. 

Steady  state  errors  resulting  from  a  maximum  input  command 
do  not  exceed  0,006  in.  of  pintle  position.  The  indicated  error 
was  always  in  the  direction  to  increase  the  pintle  position.  For 
example,  input  for  the  two  degree  event  beginning  at  T  plus  44 
seconds  was  for  a  pintle  travel  of  0,140  in.  and  the  output  was 
0.146  in.  steady  state  for  injector  No.  3.  The  time  for  the  output 
to  reach  90  percent  of  its  final  value  for  a  two  degree  command  was 
approximately  0.060  sec  for  all  injectors.  Figures  32  thru  35  show 
the  response  to  step  input  commands. 

7.  RUN  NO.  7  -  This  run  was  conducted  to  determine  the  ability 
of  the  injector  valves  to  return  to  the  closed  position  in  the 
event  of  hydraulic  power  failure  during  valve  operation.  Hydraulic 
power  failure  was  simulated  by  venting  the  supply  line  and  venting 
the  low  pressure  side  of  the  No.  4  plus  yaw  injector  valve  piston 
simultaneously.  See  Figure  36  for  the  duty  cycle. 

Figure  37  shows  the  hydraulic  pressure  in  injector  No.  4 
dropped  to  almost  zero  as  scheduled.  Figure  38,  shows  that  the 
valve  was  at  a  position  equivalent  to  a  two  degree  hold  event  when 
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simulated  failure  occurred  and  the  feedback  position  plot  shows 
that  the  valve  closed  immediately  upon  loss  of  pressure.  As  soon 
as  pressure  was  restored,  the  valve  functioned  as  schedule  or 
remainder  of  the  run. 

The  position  feedback  plot  (Figure  38)  shows  the  valve  closing 
to  a  negative  value.  This  is  caused  by  an  input  signal  commanding 
the  valve  to  a  maximum  opening  and,  since  the  hydraulic  pressure 
is  zero,  the  valve  is  closed  and  the  error  signal  is  maximum, 
resulting  in  an  overloaded  or  saturated  amplifier. 

8.  RUN  NO.  8  -  The  objective  of  this  run  was  to  determine  th< 
system  performance  under  simulated  motor  conditions.  The  ^In¬ 
duration  motor  firing  duty  cycle  was  employed  (Figure  22) .  The 
countdown  was  the  same  as  will  be  used  on  the  motor,  i.e.  hydrauli* 
pressure  was  initiated  at  T  minus  1  minute  and  the  pressurization 
system  was  activated  at  T  minus  50  seconds. 

Complete  data  traces  for  Run  No.  8  appear  in  Figures  39  thru 
52.  All  pressures,  temperatures,  response  times,  and  position 
feedback  traces  were  approximately  the  same  as  describe  '  tor  Run 

No.  1. 

Based  on  the  results  of  this  last  run,  no  problems  are 
anticipated  in  meeting  the  predicted  performance  of  the  system 
during  the  motor  static  test. 

F.  WEIGHTS 

The  following  tabulation  shows  the  system  weight  as  determined 
during  the  integrated  system  testing.  System  weight  does  not 
include  weight  of  the  injectant,  pressurant,  hydraulic  fluid,  or 
instrumentation.  The  weight  shown  reflects  the  weight  of  the  com¬ 
plete  dry  system  that  will  be  used  during  the  motor  static  test. 

LITVC  System  668.4  lb 

Injectant  (Freon-11)  503.1  lb 
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SECTION  VI 

CONCLUSION 


The  LITVC  integrated  system  tests  proved  that  the  system 
will  perform  satisfactorily.  All  test  objectives  were  met  with 
satisfactory  results.  No  problems  are  anticipated  during  the 
motor  static  test;  the  system  is  expected  to  perform  as  predicted. 
Minor  problems  encountered  on  the  integrated  tests,  such  as  leaky 
connections  and  bladder  rupture  have  been  resolved  by  minor  design 
changes.  The  system  is  slightly  underdamped,  allowing  some 
oscillations  of  the  injector  valve  pintle  before  steady  state  is 
reached  in  the  hold  events.  However ,  steady  state  is  delav*1^ 
approximately  1/3  second  and  these  oscillations  do  not  have  any 
significant  effect  on  performance. 

The  pressurization  subsystem  regulates  the  pressure  to  the 
injectant  tank  within  acceptable  limits.  All  components  in  the 
system  functioned  exceptionally  well  during  all  runs.  Simulated 
overpressurization  failure  tests  indicated  that  the  system  will 
close  the  malfunctioning  side  of  the  dual  system  and  the  opposite 
side  will  continue  to  regulate  pressure  to  the  injectant  tank. 
Injectant  tank  initial  full  pressurization  occurs  approximately 
1/4  second  after  opening  the  initiator  valve. 

System  response  is  faster  than  expected.  Maximum  slew  rate 
is  approximately  thirty  percent  greater  than  what  was  predicted 
for  the  2.5  cps  cycling  rate.  The  maximum  slew  rate  for  the  duty 
cycles  used  in  these  tests  occurs  when  a  two  degree  hold  is  initiated. 
A  maximum  pintle  travel  is  commanded  in  an  infinitesmal  amount  of 
time.  This  causes  the  system  to  respond  to  its  maximum  capability, 
which  is  49  deg/sec. 

No  evidence  of  water  hammer  effect  was  indicated  in  any  of 
pressure  traces.  The  pressure  fluctuations  shown  on  the  pressure 
traces  are  not  of  sufficient  magnitude  to  be  caused  by  water 
hammer . 
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TU-393  Integrated  System  (Run  #1) 
Test  Date  15  March  1966 
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S603 
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S615 
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358 

.V 

8.8 
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8.8 

Maximum  Vibration 
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G  (sec.) 

A601  6.7  9 
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Figure  19.  Maximum  Strain  and  Vibrations 
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Figure  22*  Duty  Cycle  for  Run  No.'s  3,  4  &  8 
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UNCLASSIFIED 


VI -44 

UNCLASSIFIED 


L 


res  -  Run  No. 


PREVIOUS  PAGE  VAS  BLANK,  THEREFORE  VAS  NOT  FILMED 


4.0  -  5.G8KC 
♦  3.0  DKG  AT  2.  5  CPS* 


-  I'.o  -  23.33  skc 
*  0.5  DKG  AT  1..J  CIK 


r~  10  -  40.  h  SK(' 

/  \  0.  5  DKG  Allot  T  ♦  0.  J  DKG  AT 

/  -4*  -  13.2:)  SKC 

♦  0.5  DKG  AIK  JUT  ♦  0.  5  DKG 


iflflWI 


10  -  10.  S  SKC 

v  30  -  35.3  SKC 

V 

♦1.0  DEG  AT  5.0  CPS 

♦  0.35  DKG  AT  1.5  CIS 

Hi  -  17. G  SKC 
♦  -’.0  DKG  AT 

_ _ \ 

I 

'  1 

TIMK  (SKC) 


•ALL  EVKN’TS  ON  THIS  DUTY  CYCLK 
AUK  SINE  OH  COSINK  KUNCTIONS 


UNCLASSIFIED 


/—'M.O  -  00.2  SEC 

*  0.1875  DEG  AT  5.0  CPS 


r-  70  -  70.  8  SEC 

/  t  I0-r>  DEG  ABOUT  ♦  0.5  DEG  AT  5.0  CPS 


O 
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Figure  36.  Duty  Cycle  ior  Run  No.  7 
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Figure  44.  Injector  #1  and  Hydraulic  Pump  Pressure  -  Run  No. 
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TU-393  LITVC  Test  Run  #  VIII 
28  March  1966 
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8.7 
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8.7 
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1477 

0 
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8.7 

S605 

1391 
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• 

00 
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8.7 

S608 

444 

8.7 
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337 

8.7 
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568 

8.7 

Maximum  Vibration  G's 

Loc . 

# 

Max . 

Time 

(sec) 

A601 

5.5 

101.5 

A602 

14.4 

7.8 

Maximum  Run  Current  114  Amps 

Figure  52.  Maximum  Strain,  Acceleration  and  Pump  Run 

Current  -  Run  No.  8 
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=  modulus  of  elasticity  in  hoop  direction 

=  modulus  of  elasticity  in  longitudinal  direction 

=  membrane  load  in  hoop  direction 

=  membrane  load  in  longitudinal  direction 

=  pressure 

=  mean  case  radius 

=  radius  of  thrust  piston 

=  thickness  of  hoop  wrap 

=  thickness  of  polar  wrap 

=  total  thickness  glass  in  polar  wrap 

=  total  thickness  glass  in  hoop  wrap 

=  polar  wrap  angle  relation  to  the  meridian  of  the  shell 

=  Poisson's  ratio  giving  hoop  strain  caused  by  stress  in  the 
longitudinal  direction 

=  Poisson's  ratio  giving  longitudinal  strain  caused  by  stress  in 
the  hoop  direction 

=  Poisson' 8  ratio  for  the  hoop  wrap  giving  hoop  strain  caused  by 
stress  in  the  longitudinal  direction 

=  Poisson's  ratio  for  the  hoop  wrap  giving  longitudinal  strain  caused 
by  stress  in  the  hoop  direction 


Mcp  12  “  Poisson's  ratio  for  the  polar  wrap  giving  hoop  strain  caused  by  stress 

in  the  longitudinal  direction 


WtP21  “  Poisson's  ratio  for  the  polar  wrap  giving  longitudinal  strain  caused 
by  stress  in  the  hoop  direction 
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SECTION  I 
INTRODUCTION 

Thiokol  Chemical  Corporation  designed,  fabricated,  nnd  tested  the  156-7 
(TU-393)  rocket  motor  under  Contract  AF  04(695)-773  from  the  Air  Force  Space 
Systems  Division,  Los  Angeles,  California,  with  technical  direction  provided  by  the 
Aii  F 01  cc  Rocket  Propulsion  Laboratory,  Edwards,  California.  During  this  program, 
an  upper  stage  type  solid  propellant  rocket  motor  was  fabricated  and  static  fired 
successfully.  The  156-7  motor  consisted  of  a  fiberglass  reinforced  plastic  case, 
a  cylindrically  perforated  propellant  grain  of  PBAA  propellant,  a  submerged  high 
expansion  ratio  (34:1)  ablative  nozzle,  and  an  N^O^  liquid  injection  thrust  vector 
control  system.  The  motor  was  static  fired  into  an  altitude  simulating  diffuser. 

The  156  in.  diameter  monolithic  fiberglass  reinforced  plastic  case  (Figure  1  ) 
was  filament  wound  at  the  Thiokol  filament  winding  facility  in  Pocatello,  Idaho. 

After  fabrication,  the  case  was  transported  by  truck  to  the  Wasatch  Division  test 
facility,  assembled  in  a  thrust  reacting  hydrostatic  test  stand,  instrumented,  and 
hydiopioof  tested.  The  case  was  held  successfully  at  an  internal  pressure  of 
790  psig  for  122  sec  during  this  test.  Subsequent  to  the  proof  test,  the  case  was 
loaded  with  propellant  and  used  in  the  successful  high  performance  motor  static 
firing  demonstration  on  13  May  1966.  The  motor  case  was  subjected  to  an  internal 
pressure  varying  from  400  to  610  psig  for  106  sec  during  the  static  firing. 

The  case  was  reinstalled  into  the  reactive  test  fixture,  which  provided  a 
floating  piston  device  to  apply  a  simulated  thrust  load  to  the  forward  skirt,  instru¬ 
mented,  and  hydroburst  tested  on  20  Oct  1966.  The  case  burst  at  a  pressure  of 
363.  o  psig  (within  7  psi  of  design  ultimate)  with  initial  failure  occurring  in  the 
circumferential  windings  at  the  aft  datum  line. 
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TEST  OBJECTIVES 


The  primary  objectives  of  the  15G-7  (TU-393.  02)  case  hydroburst  were  to 
determine  (1)  the  actual  strength  levels  obtainable  at  failure  and  thus  appraise  the 
accuracy  of  analytical  calculations,  and  (2)  the  static  firing  effects  on  the  structural 
integrity  of  large  fiberglass  motor  cases. 

Secondary  objectives  of  the  hydroburst  test  follow. 

1.  Verify  the  manufacturing  methods,  process 
controls,  and  quality  assurance  provisions 
used  to  fabricate  the  case. 

2.  Demonstrate  the  feasibility  of  using  large  fila¬ 
ment  wound  plastic  cases  for  solid  propellant 
rocket  motors. 

3.  Determine  behavior  characteristics  of  large 
plastic  cases,  including  percent  elongation  of 
glass  laminate,  deflections,  and  stress-strain 
relationships. 


vn-2 


SECTION  m 
CASE  SUMMARY 

A.  DESIGN  SUMMARY 

1.  DESIGN  CRITERIA 

The  design  of  the  156-7  monolithic  fiberglass  reinforced  plastic  rocket  motor 
case  was  based  on  conventional  and  proven  technologies  consistent  with: 

1.  The  requirement  of  a  large  polar  opening, 

2.  The  selection  of  proven  lower  limit  design 
strengths , 

3.  The  use  of  aluminum  polar  bosses. 

Prime  factors  considered  in  the  case  design  were: 

1. '  Flight  weight, 

2.  Use  of  currently  available  materials  and  proven 
manufacturing  technologies, 

3.  Minimum  safety  factor  of  1.25  and  a  minimum 
margin  of  safety  of  0.1  based  on  MEOP, 

4.  Minimum  motor  mass  fraction  of  0.91, 

5.  Minimum  composite  strength  of  126,000  psi, 

6.  Application  as  an  upper  stage  of  a  multistage  vehicle. 

The  156-7  rocket  motor  case  was  designed  to  fulfill  the  following  basic  loading 
conditions. 

MEOP  (psig)  705 

Thrust  at  MEOP  (lb)  400,000 

Flight  Acceleration  (g)  8  axial 

5  transverse 


To  insure  that  the  case  would  have  the  minimum  required  safety  factor  at  MEOP, 

the  ultimate  loading  conditions  which  the  case  was  designed  to  meet  are  those  that 
follow. 

Ultimate  pressure  (psig)  970 

Ultimate  thrust  (lb)  550,000 

Ultimate  flight  acceleration  (g)  10  axial 

6. 25  transverse 


2.  STRUCTURAL  SUMMARY 


The  designed  margin  of  safety  (MS)  for  each  of  the  case  components  follows. 


Case  Component  MS 

Fiberglass  Case 

Hoop  layers  +0.  01 

Polar  layers  40.  n 

Forward  Skirt 

Compression  (buckling)  40.  05 

Shear  ply  attachment  40.  59 

Aft  Skirt 

Compression  (buckling)  40.  06 

Shear  ply  attachment  +0.  37 

Forward  Polar  Boss 

Polar  ring  (bending)  40. 14 

Bolts  (tension)  HIGH 

Forward  Adapter 

Shell  bending  40,  95 

Shear  lip  40.  24 


Aft  Polar  Boss  (in  hydrotest  fixture) 

Polar  ring  (bending)  40. 20 

Bolts  (tension)  40  17 
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Case  Component  MS 

Aft  Polar  Boss  (nozzle  attachment  during  static  firing) 

Polar  ring  (bending)  +0.  39 

Bolts  (tension)  +0.  19 

Glass  and  Resin  System — S-994  HTS  finish  fiberglass  was  chosen  for  the  156-7 
ease  because  of  its  ultra-high  strength  capability.  A  design  strength  of  this  glass 
in  composite  structures  of  335,000  psi  was  demonstrated  as  a  three  sigma  lower 
limit  on  the  TU-312  program,  Contract  AF  33(G57)-11303 ,  using  156  in.  diameter 
hoop  rings.  This  value  also  has  been  verified  and  is  being  used  as  the  lower  strength 
limit  on  the  POLARIS  second  stage  motor  program. 

The  skirt  assemblies  were  fabricated  by  interspersing  S-994  and  E-HTS 
fiberglass  during  the  winding  process.  Both  the  S-994  and  E-HTS  fiberglass  were 
preimpregnated  with  US  Polymeric  E-717  resin  system. 

The  resin  system  for  the  case  and  skirt  is  22  percent  by  weight  US  Polymeric 
E-717  epoxy  resin,  applied  by  impregnation  of  the  glass  prior  to  winding.  This  sys¬ 
tem  was  verified  at  the  Wasatch  Division  in  the  MMRBM  plastic  case  program  with 
fabrication  and  test  of  several  first  and  second  stage  cases.  To  obtain  good  compac¬ 
tion,  the  winding  tension  for  the  case  was  established  at  0.  5  lb/end  of  the  polar  and 
hoop  windings.  For  the  skirt  where  the  polar  pulldown  is  important  in  the  area  of 
the  rubber  shear  ply,  the  hoop  tension  was  established  at  0.8  lb/end  while  the  polar 
tension  was  kept  at  a  minimum. 

b.  Case  Wrapping  Geometry — A  balanced-in-plane  polar  wrapping  pattern  was 
selected  for  case  winding.  This  pattern  is  compatible  with  the  unequal  polar  openings 
(an  aft  end  opening  of  68.0  in.  required  for  deep  nozzle  submergence  and  a  minimum 
forward  end  opening),  and  provided  the  required  internal  volume  while  remaining 
stable  during  fabrication.  The  chosen  wrap  angle  of  19  deg  23  min  was  based  on  data 
from  the  Wasatch  Division  company  sponsored  filament  winding  program  on  filament 
slippage.  This  angle  was  stable  for  the  designed  case  configuration. 
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B.  FABRICATION  SUMMARY 


The  TU-393.  02  case  was  the  second  156  in.  diameter  monolithic  case  fabri¬ 
cated  for  the  156-7  program;  the  first  case  (TU-393.  01)  also  was  hydroproof  tested 
successfully.  Therefore,  demonstrated  and  proven  processes,  controls,  and  equip¬ 
ment  were  used  in  fabricating  the  TU-393.  02  case.  The  fabrication  effort  consisted 
of  the  following  five  major  operations. 

1.  The  segmented  steel  mandrel  was  assembled  and 
swept  with  plaster  to  the  required  internal  insulated 
case  configuration. 

2.  Uncured  asbestos  filled  NBR  (General  Tire  and 
Rubber  V-44)  sheet  stock  was  laid  up  on  the  mandrel 
surfaces  to  the  required  thickness  and  vulcanized  in 
an  inert  atmosphere  autoclave.  After  cure,  the  in¬ 
sulation  was  ground  to  the  required  internal  case 
configuration. 

3.  Aluminum  pole  bosses  were  installed  on  the  fore  and 
aft  domes  of  the  mandrel,  and  the  polar  windings 
(US  Polymeric  XF-7030  preimpregnated  roving)  were 
applied  using  a  vertical,  radial  arm,  winding  machine. 

4.  The  prefabricated  fiberglass,  filament  wound,  fore 
and  aft  skirts  were  installed  and  the  structure  over¬ 
wound  with  the  required  circumferential  (hoop) 
windings  (XF-7030  preimpregnated)  in  a  vertical, 
electronic-hydraulic  winding  machine. 

5.  The  segmented  steel  mandrel  was  disassembled  inside 
the  case  and  removed  with  the  plaster  shell. 
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The  only  discrepancy  that  occurred  in  the  fabrication  and/or  processing  of 
the  TU-393.02  ease,  that  could  possibly  degrade  the  ease  performance,  occurred 
during  preparation  for  propellant  loading.  During  buffing  of  the  internal  insulation 
and  bladder,  the  grinding  wheel  penetrated  through  the  case  bladder  into  the  fiber¬ 
glass  laminate  at  the  aft  datum  line.  One  ply  of  circumferential,  and  three  plies  of 
polar  windings  were  cut.  The  cut,  0. 150  in.  wide,  extended  over  a  circumferential 
length  of  3. 8  inch.  Theoretically ,  this  out  resulted  in  a  1.  9  percent  reduction  in 
hoop  strength,  and  an  8.  3  percent  reduction  in  longitudinal  strength;  however,  these 
reductions  assume  complete  loss  of  one  hoop  ply  and  three  polar  plies,  which  is  a 
conservative  assumption.  The  defect  (Figure  2  )  was  located  at  the  aft  datum  plane, 
no  deg  counterclockwise  from  the  index  (looking  forward). 


c.  PREVIOUS  TESTING 

i.  hydroproof  testing 

Up  n  completion  of  fabrication,  the  case  was  subjected  to  a  hydroproof  test 
at  790  psig  for  122  see  to  demonstrate  the  integrity  of  the  case  for  subsequent  static 
testing.  The  test  was  conducted  in  a  reactive  test  stand  to  simulate  actual  loads 
that  would  be  imposed  on  the  case  in  an  actual  firing  at  MEOP.  The  case  was  instru 
mented  with  30  strain  gages,  10  extensometers,  and  two  pressure  transducers. 

The  only  visual  evidence  of  loading  imposed  on  the  case  structure  during 
test  vyas  resin  cra20  marks  on  the  lower  half  of  the  forward  dome.  Based  upon  pre¬ 
vious  test  data,  no  detrimental  effects  wore  anticipated  from  these  craze  marks. 

2.  STATIC  TESTING 

The  156-7  rocket  motor,  which  used  the  TU-393.02  case,  was  successfully 
static  tested  on  13  May  1966  in  a  horizontal  attitude  with  the  case  supported  at 


each  skirt.  During  testing,  the  case  was  subjected  to  internal  pressures  ranging 
from  400  to  610  psig  for  106  sec.  The  pressure  level  of  400  psig  was  achieved 

within  0.250  sec  after  ignition  with  the  maximum  pressure  of  610  psig  being  recorded 
73  sec  after  ignition. 

No  external  evidence  of  case  structure  deterioration  resuited  from  the  static 
firing;  however,  after  subsequent  hydrobui  *  testing,  some  evidence  of  overheating 
was  visible  on  the  interior  of  the  case  insulation.  The  area  where  overheating  may 
have  occurred  (Figure  3  )  was  located  directly  above  the  submerged  portion  of  the 
nozzle.  I  pward  convective  flow  of  superheated  air  from  the  nozzle  structure  may 
have  intensified  the  postfiring  heat  soak  in  this  local  area.  The  condition  was  not 
detectable  until  after  the  hydroburst  test,  during  which  the  water  (test  fluid)  cleaned 
the  majority  of  the  char  from  the  case  wall. 
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SECTION  IV 
ASSEMBLY  AND  TEST 


A.  FACILITIES  AND  EQUIPMENT 

The  TU-393  case  was  hydrotested  in  a  reactive  hydrostatic  test  stand 
(Figure  4).  The  lower  portion  of  the  stand  served  as  a  base  and  a  thrust  adapter 
to  which  the  forward  skirt  of  the  case  fit.  The  middle  section  of  the  stand,  four 
large  tubular  columns,  reacted  the  load  from  the  upper  section  to  the  lower  section. 

The  upper  section  consisted  of  a  thrust  reacting  piston  and  cross  members  attached 
to  the  columns. 

The  force  from  the  hydrostatic  pressure  across  the  face  of  the  thrust  piston 
was  transferred  to  the  upper  cross  members,  then  through  the  columns  to  the  lower 
structure  which  reacted  against  the  skirt.  The  effect  of  testing  with  the  reactive  test 
stand  was  to  (1)  simulate  only  the  pressure  loads  on  the  aft  dome  which  would  be 
experienced  during  firing,  (2)  simulate  thrust  loads  on  the  forward  skirt,  and 
(3)  allow  complete  freedom  of  case  growth  under  pressure. 

The  portable  pumping  system  used  for  case  pressurization  was  provided  and 
operated  by  the  Halliburton  Company,  Vernal,  Utah.  The  Halliburton  HT  400  model 
pumping  unit  consists  of  two  positive  displacement  piston  type  pumps  driven  by  two 
Cummins  600  hp  engines.  The  capacity  of  the  HT  400  system  is  1 , 140  gpm  at 
1,500  psig.  The  pumps  were  supplied  with  water  at  approximately  100  psig  from  a 

primer  pumping  unit.  The  primer  unit  is  supplied  from  two  storage  tanks  having  a 
total  capacity  of  4,800  gallons. 


B.  ASSEMBLY  AND  LEAK  TEST 


The  case  was  installed  vertically  in  the  test  stand  with  the  forward  skirt 
resting  on  the  base  structure.  Epocast  31D  was  cast  under  the  skirt  to  assure  a 
complete  bearing  surface  of  the  skirt  against  the  base  structure.  The  aft  closure 
and  piston  assembly  was  attached  to  the  polar  boss  and  the  cross  members  installed 
(Figure  5  ).  The  case  was  placed  in  the  stand  so  the  defect  (ref  Subsection  III-B) 
was  located  approximately  20  deg  to  the  right  of  the  front  of  the  case. 

The  instrumentation  was  applied  to  the  case  in  accordance  with  Figure  G  . 

The  instrumentation  consisted  of  the  same  number  of  gages  as  used  in  the  hydroproof 
test  of  the  TU-393.02  case,  located  as  closely  as  possible  to  the  original  instrumenta¬ 
tion  positions.  The  amount  and  location  of  instrumentation  was  planned  to  obtain  data 
directly  comparable  to  the  data  from  the  hydroproof  test. 

Following  assembly  of  the  test  setup,  the  case  was  filled  with  water  and  leak 

tested  for  10  min  at  line  pressure  (100  psig).  No  leakage  was  observed  during  the 
leak  test. 

Subsequent  to  the  leak  test,  the  thrust  piston  was  seated  against  the  overhead 
structure  with  an  internal  case  pressure  of  35  psig.  The  interface  between  the  piston 

and  overhead  structure  was  then  potted  with  Epocast  31D  to  assure  a  complete  bearing 
surface. 


C.  HYDROBURST  TESTING 


On  20  Oct  1966,  the  HT-400  pumping  unit  was  adjusted  to  provide  300  gpm 
flow  through  the  bypass  piping  at  1,500  psig.  The  entrance  valve  to  the  case  was 
opened,  allowing  case  pressure  to  increase  to  the  manifold  pressure  level  of  132 
psig.  When  the  case  pressure  had  stabilized  at  the  manifold  pressure,  the  bypass 


valve  was  closed  and  the  case  pressure  was  raised  at  an  average  rate  of  G.  0  psig/sec 
to  the  burst  pressure  of  9G3.5  psig.  The  prescribed  pressurization  rate  was  attained 
bv  following  a  preplotted  pressure  vs  time  graph  by  opening  and/or  closing  bypass 
valves  as  necessary  to  adjust  the  flow  rate. 

During  pressurization,  no  leakage  was  observed  from  the  case;  however, 
continual  resin  crazing  noises  were  generated  throughout  the  pressurization  cycle. 
Since  the  case  had  been  pressurized  twice  previously,  resin  crazing  was  not  expected 
during  the  burst  cycle.  Apparently,  additional  polymerization  of  the  resin  occurred 
duiing  the  heat  soak  of  the  case  wall  following  static  firing.  Thus,  upon  repressuriza' 
tion,  resin  crazing  again  occurred. 

Case  failure  (Figure  7  ),  which  occurred  at  963.5  psig,  initiated  in  the  hoop 
windings  at  the  aft  datum  plane  (intersection  of  the  aft  skirt  with  the  basic  cylindrical 
section  of  the  case) ,  and  progressed  forward  along  the  length  of  the  case  cylinder. 
Initial  failure  occurred  at  the  datum  plane  and  then  progressed  over  the  remaining 
hoop  windings  on  the  cylinder.  Figure  8  shows  the  failure  sequence. 

The  major  structural  components  of  the  case,  fore  and  aft  polar  bosses,  fore 
and  aft  skirts,  and  the  skirt  attachment  shear  plies  performed  flawlessly;  however, 
a  slight  delamination  at  the  forward  skirt  face  occurred  as  a  result  of  rotation  im¬ 
parted  to  the  skirt  by  case  expansion. 
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SECTION  V 


TEST  RESULTS 

A.  DATA  ANALYSIS 

The  strain  and  deflection  data  obtained  during  this  hydrostatic  burst  test 
was  of  excellent  quality  with  only  one  gage,  S009,  totally  inoperative.  Strain  gages 
and  extensometers  were  placed  on  the  cylindrical  section  of  the  case  in  the  basic 
areas  where  a  failure  might  occur.  Strain  gages  were  placed  on  the  forward  dome 
to  measure  the  effect  that  the  existing  crazing  had  on  the  performance  of  dome 
structure.  Strain  gages  also  were  placed  on  the  aft  dome  to  evaluate  magnitude  of 
these  strains  relative  to  the  basic  cylindrical  section.  The  axial  deflection  of  the 
forward  dome,  and  both  the  axial  and  transverse  movement  of  the  aft  dome,  were 
measured  with  extensometers  to  evaluate  case  deflection. 

Figure  9  depicts  the  pressure  vs  time  trace  as  measured  by  pressure 
transducer  P001  located  in  the  shell  section  of  the  aft  adapter.  The  pressurization 
rate  averaged  6. 125  psig/sec  with  no  indicated  fluctuations  in  the  trace.  The  pressure 
suddenly  dropped  at  963.  5  psig,  indicating  that  failure  had  occurred  at  135.  37  sec 
from  the  commencement  of  pumping  (t  =  0  sec  and  p  =  132.0  psig). 

Figure  io  depicts  the  hoop  strain  in  the  cylindrical  section  of  the  case  at 
the  forward  and  aft  datum  lines,  and  at  midcylinder.  At  midcylinder,  strain  gage 
S005  (inoperative  after  535  psig)  and  extensometer  D006  agreed  very  closely,  thus 
establishing  a  good  measurement  of  hoop  behavior  in  the  area.  Extensometers 
D005  and  D007,  at  the  aft  and  forward  datum  lines,  respectively,  showed  that  the 
magnitude  of  the  strain  at  these  two  locations  was  very  similar,  and  about  12  percent 
less  than  the  indicated  strain  at  midcylinder.  Strain  gage  S009  at  the  aft  datum 


vn-12 


line  was  inoperative,  and  strain  gage  S001  at  the  forward  datum  line  showed  a 
higher  reading  than  the  equivalent  extensometer.  However,  gage  S001  failed 
at  875  psig,  and  was  thus  probably  in  a  location  of  local  crazing. 

Figure  11  depicts  the  longitudinal  strain  in  the  cylindrical  section  of  the 
case  as  measured  by  (1)  extensometers  D001  and  D002,  located  between  datum  lines, 
and  (2)  by  strain  gages  S002,  S006,  and  SOU.  Experience  has  revealed  that  strain 
gages  installed  on  the  hoop  wrap  and  oriented  in  the  longitudinal  direction  are  very 
susceptible  to  premature  failure  or  erratic  readings  due  to  crazing  in  the  hoop 
laminate.  Strain  gage  S002  located  at  the  forward  datum  line  operated  through  case 
burst  and  the  resulting  data  were  fairly  close  to  that  from  the  extensometers. 

Gage  SO 06,  located  at  midcylinder,  also  was  fairly  accurate,  but  due  to  crazing, 
the  gage  became  inoperative  at  500  psig.  Gage  SOU,  located  at  the  aft  datum  line, 
was  extremely  erratic,  probably  because  it  was  located  over  a  local  crazing  which 
opened  in  the  longitudinal  direction. 

An  important  observation  in  the  D001  and  D002  data  is  the  sudden  increase 
in  axial  deflection  at  950  psig,  indicating  that  a  polar  failure  might  have  preceded 
the  indicated  hoop  failure. 

Figure  12  depicts  the  measured  hoop,  meridional,  and  fiber  strain  along 
the  periphery  of  the  dome.  The  data  showed  that  the  respective  meridional  and 
fiber  strains  remained  very  similar  in  magnitude  at  the  specific  locations  over 
the  dome.  In  general,  the  magnitude  of  these  strains  was  approximately  18  percent 
lower  than  the  longitudinal  strain  experienced  in  the  cylindrical  section.  The 
predicted  strains  in  the  forward  dome  are  shown  in  Figure  13. 

The  hoop  strain  trend  in  the  forward  dome  was  a  little  erratic  due  to  the 
crazed  areas.  At  case  failure,  gage  S016,  located  12  in.  from  the  forward  datum 
line,  indicated  a  hoop  strain  of  0.024  in. /in.;  while  15  in.  further  up  the  dome,  gage  S025 
recorded  a  hoop  strain  of  0.012  in. /in.;  and  at  a  point  an  additional  16.5  in.  up  the  dome 
gage  S026  indicated  a  hoop  strain  of  0.005  in. /in.  However,  at  this  same  axial  location, 
but  180  deg  away,  gage  S018  recorded  a  hoop  strain  of  0.017  in. /in. ,  indicating  that 
the  local  crazed  area  allowed  uneven  hoop  strain  in  the  dome,  high  in  the  areas  of 


Vn-13 


crazing  and  lower  in  the  areas  of  noncrazing.  The  hoop  strain  data  at  a  distance 

54  in.  forward  from  the  forward  datum  line  were  found  to  agree  closely  with  the  meridional 

and  fiber  strain  data.  This  latter  area  also  was  relatively  free  of  craze  marks 

Figure  14  depicts  the  measured  fiber  strains  and  Figure  15  shows  the  predicted 
strain  at  three  locations  equally  spaced  up  the  aft  dome.  At  case  failure,  the  three 
gages  indicated  an  average  strain  of  0.019  in. /in.  (gage  S023  extrapolated)  which 
was  approximately  13  percent  lower  than  the  longitudinal  strain  in  the  cylinder. 

The  magnitude  of  the  hoop  and  meridional  strain  gages  (SOU  and  S012)  located 
at  the  inflection  point  of  the  dome  agreed  closely  with  the  fiber  gage  (S023) .  These 
strains  were  approximately  eight  percent  lower  than  predicted  in  the  netting  analysis. 

Figure  16  depicts  the  axial  displacement  of  the  forward  dome  relative  to 
the  leading  edge  of  the  forward  skirt.  Up  to  350  psig,  the  dome  exhibited  nonlinear 
deflection,  which  can  be  attributed  to  local  bending  in  the  shell  structure  just  outboard 
of  the  polar  boss  where  the  surface  is  essentially  flat  and  normal  to  the  axis  of  the 
case.  In  this  area,  the  dome  will  reorient  itself  slightly  before  exhibiting  true 
membrane  behavior.  As  shown  by  the  data,  the  extent  of  this  reorientation  was 
small. 

Figure  17  shows  the  total  axial  and  transverse  movement  of  the  case  and 
aft  dome  relative  to  the  hydrotest  fixture.  The  four  gages  indicated  no  canting  of 
the  case  during  pressurization  as  a  result  of  local  relaxation  or  crazing  in  the  case 
or  skirt  structure.  Figure  18  shows  the  predicted  axial  deflections  for  the 
two  areas  of  the  case. 

The  total  axial  deflection  of  the  case  at  burst  was  4.82  in. ,  or  an  average 
longitudinal  strain  og  0.0296  in. /in.  based  on  an  inspected  length  of  163.0  in.  from 
the  face  of  the  adapter  cap  to  the  face  of  the  aft  polar  boss. 

The  magnitude  of  the  data  obtained  from  this  burst  test  was  comparable  to 
the  data  obtained  from  the  hydrostatic  proof  test  and  from  the  static  firing.  Figures 
19  and  20  show  representative  extensometer  data  from  these  three  tests,  comparing 
the  measured  hoop  and  longitudinal  strain  values  recorded  for  the  cylindrical  section 
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0f  ,he  °asc-  The  data  show  that  lhe  two  tests  prior  to  the  burst  lest  had  little 
effect  on  elastic  behavior  of  the  case  material. 

In  Figures  10  and  11  ,  two  theoretical  strain  values  are  shown:  (1)  strain 
Strictly  as  a  function  of  the  glass  present  in  the  structure,  neglecting  the  effect  of 
the  resin  matrix,  and  (2)  strain  as  a  function  of  the  orthotropic  mixture  of  both 
h lament  and  resin,  assuming  no  crazing  or  cracking  in  the  resin  matrix.  In  both 
methods  of  analysis,  the  wrap  angle  was  assumed  to  be  constant,  and  that  no 
filament  reorientation  resulted  from  case  expansion  and  elongation. 

The  orthotropic-composite  type  of  analysis  is  based  on  the  law  of  mixtures, 
a  method  of  analysis  that  is  presently  being  used  extensively  for  orthotropic  filament 
reinforced  material.  The  equations  for  the  two  strains  are  as  follows. 

1_  '  %  -  >«8  E(fl 
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where  the  properties  are  based  on  a  resin  content  of  22  percent  by  weight,  with 
no  voids. 

The  calculated  values  for  the  composite  moduli  are  based  on  the  individual 
moduli  values  for  the  hoop  and  polar  wrap  derived  from  the  law  of  mixtures,  assuming 
no  shear  distortion  between  the  plies  of  wrap. 
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5.  37  x  10+6  psi 

(3) 

2.  68  x  10+6  psi 
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where: 


=  8. 0  x  10+6  psi 
Eg<p  =  0.  6  x  10+6  psi 
E<Pq  =  1.  8  x  10+6  psi 
E^xp  =  5.  5  x  10+^  psi 
t@  =  0.  345  in. 
t<p  =  0. 254  in. 

The  calculated  values  of  the  composite  Poisson's  ratio  are  based  on  the  individual 
stiffness  (Et)  and  Poisson's  ratio  values  for  the  hoop  and  polar  wrap. 
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where:  Jig12  =  0.019 

^021  =  °-25 
U<p12  =  0.61 

H<p21  =  0.20 


The  longitudinal  membrane  load  (1^)  and  hoop  load  (N^  were  based  on  the  internal 
pressure  and  thrust  load,  considering  the  increase  in  case  radius  due  to  hoop  elongation. 
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=  0.0380  lb/in. 


(7) 


N q  =  pRc(l+eQ)  =  0.0725  lb/in.  (8) 

The  resulting  strains  using  equations  (1)  and  (2)  follow 

e<p  =  18. 5p  x  10-®  in./in. 
fg  =  22.  Op  x  10"6  in. /in. 

The  calculated  strain  in  the  case  using  the  netting  analysis  is  based  on  glass 
properties  and  orientation  only.  The  longitudinal  load  is  assumed  to  be  reacted 
entirely  by  the  polar  wrap  as  a  function  of  the  load  vectored  into  the  line  of  the  fiber. 
The  resulting  longitudinal  strain  follows. 

f<p  Egt  gQjCOS2^  22. 7p  x  10  in. /in.  (9) 
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where: 


Eg  =  12. 4  x  10+6  psi 
tgtt  =  0.158  in. 
a  .  =  19  deg  23  min 
The  portion  of  the  hoop  load  not  reacted  by  the  polar  wrap  is  reacted  by  the  hoop 


wrap  and  the  calculated  strain  in  the  hoop  wrap  is  indicated  in  the  following  equation. 
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where  t sq  =  0.  216  in. 


=  27. 8p  x  10-6  in. /in.  (10) 


The  actual  hoop  strains  tend  to  follow  the  strain  prediction  as  made  by  treating 
the  structure  as  a  filament  reinforced  composite  (Figure  10  ),  while  the  recorded 
longitudinal  strains  (Figure  11  )  tend  to  follow  the  netting  analysis.  This  can  be 
explained  by  the  fact  that  the  hoop  layers  tend  to  craze  along  the  plane  of  the  filaments, 
reducing  the  longitudinal  stiffness  theoretically  expected  by  the  hoop  wrap.  In  essence, 
the  polar  wrap  reacts  all  of  the  longitudinal  loading,  and  if  this  assumption  is  made, 
equation  (2)  can  be  modified  as  follows. 
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22.  7p  x  10“6  in. /in. 


(11) 

The  result  is  a  strain  relationship  identical  to  that  of  the  netting  analysis  and  the 
actual  recorded  values. 

In  the  hoop  direction,  the  polar  wrap  provides  the  hoop  stiffness  as  theoretically 
predicted  due  to  the  shear  connection  at  the  filament  crossover  points.  For  this  reason, 
the  hoop  strains  will  tend  to  follow  equation  (1). 


A  condition  that  will  tend  to  exaggerate  this  trend  is  the  tendency  of  the  polar 
wrap  angle  to  close  as  a  result  of  the  cane  pressurization  and  elongation.  This  effect 
will  increase  the  indicated  longitudinal  strains  while  restricting  the  hoop  strains. 

The  relationship  between  the  actual  and  theoretical  strain  values  indicates 
that  even  though  the  basis  for  the  design  and  strength  criteria  lies  in  the  netting 
type  analysis,  which  can  be  used  adequately  within  the  proper  framework  of  experience; 
the  orthotropic  composite,  or  mixture  analysis,  is  more  ideally  applicable  to  current 
designs.  This  is  particularly  true  if  crazing  effects  can  be  predicted  and  factored  into 
the  analysis. 
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B.  FAILURE  ANALYSIS 

The  15G-7  (TU-393)  motor  case  burst  during  the  hydroburst  test  at  a  pressure 
of  963.  5  psig,  which  closely  approximated  the  970  psig  ultimate  design  pressure; 
however,  this  pressure  was  slightly  less  than  anticipated.  The  pressure  of  963.  5 
psig  corresponds  to  a  hoop  glass  stress  of  330,000  psi.  Based  upon  a  review  of 
Thiokol  data  for  motor  cases  of  the  same  materials  and  similar  design  and  manu¬ 
facturing  procedures,  the  range  of  glass  stresses  considered  realistic  for  the 
TT  -393  case  was  from  335  ksi  to  395  ksi;  however,  these  stress  levels  did  not 
consider  possible  discrepancies  in  fabrication  or  the  effect  of  case  heat  soak  after 

static  firing.  The  glass  stress  range  and  equivalent  TU-393  pressure  are  tabulated 
below-. 


Fiber 
Strength 
-  £ksi) 

Equivalent 
TU-393  Pressure 
(psiE', 

Ultimate  Design 

335 

970 

Three  Sigma  Lower 

345 

999 

Mean 

370 

1,070 

Three  Sigma  Upper 

395 

1,144 

The  failure,  as  observed  on  high  speed  motion  pictures,  initiated  as  a  local 
hoop  failure  at  the  aft  datum  line  (end  of  the  case  cylindrical  section).  The  initial 
band  of  failure  was  approximately  two  inches  wide  and  the  hoop  failure  propagated, 
visibly,  from  this  band.  The  initial  pressure  bladder  fracture  and  dispersion  of 
water  apparently  occurred  at  the  front  of  the  test  bay  or  at  a  case  reference  angle 
of  approximately  270  deg  (90  deg  counterclockwise  from  BDC). 

Such  local  band  failures  with  visible  propagation  due  to  bridging  of  additional 
load  across  the  polar  composite  are  indicative  of  premature  failures.  This  obser¬ 
vation  is  corroborated  by  the  fact  that  the  hoop  strain  at  the  datum  plane  is  12  per¬ 
cent  lower  than  at  midcylinder  due  to  the  restraint  of  the  skirt  and  dome. 
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A  review  of  possible  inadequacies  in  design,  analysis,  materials,  processing, 
and  testing  indicates  several  possible  causes  for  an  apparent  premature  failure. 

1.  DESIGN,  MATERIALS,  PROCESSING,  AND  TESTING  REVIEW 


a.  Design  and  Analysis — The  configuration  and  procedures  employed  were  based 
on  experience  from  previous  motors  and  were  consistent  with  the  techniques  then 
current  throughout  the  industry.  The  exceptions  were  the  large  length  of  aft  skirt 
attachment  and  the  use  of  143  fabric  in  the  outer  hoop  winds  to  provide  a  tensile 
tie  between  the  aft  skirt  and  case.  This  design  and  associated  requirements  are 
detailed  in  the  case  design  report. 

A  quantitative  explanation  of  the  failure  could  result  from  a  more  detailed 
analysis  of  the  stress  resulting  from  the  complex  loading  condition  at  the  skirt 
to  case  juncture.  However,  the  completed  analysis  indicates  no  critical  stress 
conditions  in  this  area. 

The  ultimate  fiber  strength  used  in  the  design  was  the  demonstrated  three 
sigma  lower  limit  strength  developed  from  POLARIS  case  data.  Although  the 
TU-393  case  was  by  far  the  largest  that  has  been  tested  to  destruction,  no  negative 
influence  of  size  was  expected  or  considered  in  the  original  design.  This  position 
is  justified  in  that,  (1)  the  TU-393  vessel  falls  in  the  same  realm  of  thin  wall  theory 
as  all  previous  experience,  and  (2)  any  approach  to  probability  analysis  of  failure 
criteria  or  distribution  will  indicate  that  the  statistical  distribution  of  failure  should 
narrow  with  increasing  wall  thickness.  That  is,  the  significance  of  filament  dis¬ 
continuities  or  probable  flaws  is  dissipated  with  increasing  size. 

b.  Materials  and  Case  Fabrication— Both  the  materials  and  fabricated  case  met 
the  requirements  of  design  documentation  which  were  consistent  with  the  design 
and  analysis  criteria  employed.  The  materials  were  the  same  as  those  used  in 
previous  cases  and  were  subject  to  qualification  testing.  The  case  fabrication 
procedures  were  consistent  with  previous  experience  and  no  known  discrepancies 
occurred. 
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c.  Motor  Processing  The  only  known  case  defect  occurred  during  preparation 
of  the  insulation  inner  surface  for  propellant  bonding.  During  hand  grinding,  the 
case  was  cut  at  the  aft  datum  plane  over  a  circumferential  length  of  approximately 
3.  80  in.  and  to  a  depth  of  approximately  0. 025  inch.  The  estimated  reduction 
in  polar  efficiency  was  approximately  eight  percent.  The  cut  was  located  at  a 
case  reference  angle  of  250  degrees  (110  deg  counterclockwise  from  BDC). 

d-  Testing  The  TU-393.  02  case  was  subjected  to  a  hydroproof  test  at  790  psig 
and  a  static  firing  at  610  psig  prior  to  burst  testing.  Appreciable  forward  dome 
crazing  occurred  during  the  proof  test  but  was  not  noticeably  increased  during 
static  firing.  A  localized  bladder  discoloration  at  a  case  reference  angle  of 
180  deg  (above  the  nozzle)  in  the  static  firing  attitude  indicates  a  possibility  of 
heat  damage. 

Available  data  on  cycling  of  vessels  of  the  same  and  similar  materials, 
some  with  the  same  general  crazed  condition,  indicate  no  appreciable  strength 
degradation.  At  the  most,  a  five  percent  (and  probably  two  percent)  strength 
degradation  could  be  considered  as  the  result  of  three  cycles. 

2.  POSSIBLE  CAUSES  OF  APPARENT  PREMATURE  FAILURE 

Based  upon  the  above  discussions,  the  possible  causes  for  apparent  pre¬ 
mature  failure  are  discussed  in  the  order  of  importance. 

a.  Case  Defect — The  cut  at  the  aft  datum  plane  was  closely  coincident  with  the 
apparent  circumferential  location  of  initial  failure.  Possible  mechanisms  of 
failure  could  be  strain  magnification  at  the  defect  or  an  interlaminar  failure  from 
the  defect  rapidly  releasing  energy  into  the  adjacent  composite.  Either  mechanism 
could  be  quite  local  and  progressive  outward.  The  case  would  tend  to  bulge  and, 
thus,  increase  local  hoop  strain.  The  loss  of  longitudinal  extensometers  just  prior 
to  failure  would  be  consistent  with  such  a  failure. 
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b<  Skirt  Attachment— An  interlaminar  or  shear  failure  of  the  fabric  ties  between 
skirt  and  case  could  induce  additive  deformations  or  stresses  in  the  hoop  fibers, 
or  could  generate  a  relatively  large  longitudinal  separation  in  the  hoop  winds. 

The  latter  would  require  that  the  loading  over  the  separation  be  bridged  by  the 
polar  composite  to  the  hoops,  locally  increasing  the  stress  in  the  hoops  adjacent 
to  the  separation.  This  type  of  failure  has  been  observed  in  much  thinner  cases. 

c.  Heat  Soak  If  a  heat  soak  sufficient  to  degrade  the  resin  existed,  the  ability 
to  transfer  load  from  discontinuous  filaments  would  be  impaired  and  the  case 
strength  would  be  degraded  locally. 

3.  SUMMARY 

Thus,  Thiokol  postulates  that  the  observed  apparent  premature  failure  of 
a  localized  hoop  band  was  caused  by  the  case  defect  and/or  a  skirt  attachment 
failure.  The  amount  by  which  this  failure  was  premature  has  not  been  determined; 
however,  the  results  of  this  one  test  are  not  considered  sufficient  to  discredit  past, 
current,  or  future  trends  in  design  analyses  or  strength  criteria. 

The  potential  problem  at  the  skirt  attachment  has  been  minimized  in 
current  designs  by  shortening  the  skirt  attachment  length.  Additional  conservatism 
could  be  incorporated  into  the  design  of  future  skirt  to  case  tensile  ties  with 
negligible  increase  in  component  weight. 


VH-21 


SECTION  VI 
CONCLUSIONS 


The  following  conclusions  are  based  on  the  results  of  the  156-7  case 
hydroburst  test. 

1.  The  156-7  (TU-393)  motor  case  burst  closely 
approximated  minimum  design  requirements 
thus  verifying  the  case  design  and  analytical 
techniques  as  applied  to  large  fiberglass  cases. 

2.  The  measured  strains  and  deformations  were 
normal  and  consistent  with  analytical  prediction. 

3.  The  failure  apparently  was  premature,  and 
probably  was  associated  with  the  case  defect 
induced  during  insulation  grinding. 

4.  The  results  of  this  test  are  not  sufficient  to  warrant 
changes  in  design  or  strength  criteria. 

5.  Future  skirt  attachments  should  employ  short 
attachment  lengths  and  additional  conservatism 
in  the  tensile  hoop  tie  design. 

6.  The  forward  skirt  end  delamination  was  a  result 

of  the  short  free  length  and  restraints  of  the  hydro¬ 
test  fixture.  Skirt  length  requirements  can  be 
readily  optimized  for  a  particular  missile  application. 

7.  Pressurization  of  the  case  through  two  proof  cycles 
and  one  burst  cycle  did  not  cause  the  case  to  burst 
below  design  ultimate  strength. 
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Figure  2.  Defect  Located  at  Aft  Datum  Plane 


Figure  3.  Area  of  Heat  Discoloration 
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Figure  6.  case  Instrumentation 
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Figure  7.  Case  Failure 
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Figure  8.  Case  Failure  Sequence 
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The  156  In.  diameter  cue  LTTVC  motor  program  waa  conducted  by  the  Waaatch  DM.  I  on.  Thiokol  Chemical 
Corporation  for  the  Air  Force  Space  Hy.tem.  Dlvi.lon  with  technical  direction  by  the  Air  Force  Rocket  Pmpul.lon 
Laboratory.  The  two  major  objective,  were  (1)  the  deaign  and  fabrication  of  a  fllghtwelght  156  In.  diameter  mono¬ 
lithic  .olid  propellant  motor  utiliilng  a  flberglaa.  reinforced  pl.etlc  monolithic  caee,  a  34  to  1  eapanelon  ratio 
aubmerged  fixed  nozzle.  and  a  LITVC  ay.tem;  and  <2)  the  demon.tr.tion  at.tlc  te.t  of  the  motor  In  a  simulated 

altitude  environment  to  provide  meaningful  LTTVC  data  In  a  high  expwalon  ratio  nozzle.  Both  objective,  were  aucce.afully 
attained.  The  program  wa.  culminate  on  13  May  1966  with  a  at.tlc  te.t  of  the  motor  utili.lng  a  10  ft  diameter  by  82  ft 
long  diffuaer  for  altitude  almulation.  The  motor  had  a  m...  fraction  In  excea.  of  0.90  and  operated  for  110  eec  at  an 
average  thru.t  level  of  approximately  325.000  lb.  The  atattc  te.t  wa.  aucce.aful  and  all  motor  component,  were  Intact 
and  in  good  condition  at  the  completion  of  the  firing.  Two  abnorm.Utle.  occurred  during  the  firing.  At  approximately 
70  aec.  a  bumthrough  occurred  in  the  diffuaer  tube  approximately  four  feet  aft  of  the  nozzle  exit  plane,  apparently  due 
to  high  localized  eroaion  of  the  ablative  In.ulatlon  on  the  In.lde  diameter.  The  diffuaer  continued  to  operate  throughout 
the  teat  although  at  a  lower  almul.ted  altitude.  A  malfunction  of  the  pre.aure  regulating  aub.y.tem  portion  of  the  LITVC 
ay.tem  cauaed  a  degradation  of  lnjectant  pre.aure  during  the  firing  and  aubaequent  degradation  of  the  LITVC  performance 
Poat-teat  tnapection  of  the  motor  and  component,  revealed  that  Internal  inaulation,  nozzle  de.ign,  and  caec  deaign  were 
aatlafactory  and  the  motor  had  functioned  aa  expected.  The  .(.tie  te.t  demonatr.led  attainment  of  all  program  objective*. 
After  poat-teat  analyaia  of  the  fired  motor  and  component.,  the  fired  caee  waa  hydroburat  teated  to  obtain  additional  data 
on  flberglaa.  caae  de.ign.  The  caae  burat  at  963  palg,  very  near  the  deeign  ultimate  pre.aure  of  970  pelg.  Thl.  hydro- 

burat.  performed  under  a  aupplemental  agreement  to  the  contract,  demonatrated  the  validity  of  the  deaign  and  fabrication 
technique,  uaed  for  thia  caae. (U)  • 
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